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ABSTRACT
Chalker, Jack Randolph, M.S.M.E., Department of Mechanical and Materials Engineering,
Wright State University, 2019.Design and Manipulation of a Power-Generating System
with High-Temperature Fuel Cells for Hypersonic Applications.

Current hypersonic vehicles tend to be incapable of producing onboard power with
traditional generators due to their use of supersonic combusting ramjets (scramjets).
Because of this, they seek additional energy sources for supporting advanced electronics
or other auxiliary power-dependent devices while requiring elaborate thermal management
systems to combat temperatures exceeding 700ºC. The incorporation of Solid Oxide Fuel
Cell (SOFCs) stacks is an efficient solution, capable of generating large quantities of power
through the use of natural fuel sources at high temperatures. Developments in this thesis
include the design, construction, and support of a system operating at hypersonicenvironment conditions with a usable micro-fuel cell. The capability of testing a stack of
SOFCs at both elevated temperature and pressure conditions with various natural fuel
sources has become a sought-after experiment by many energy production affiliates.
Experimentation for this thesis focuses on the optimization of fluid and thermal inputs to
work towards supporting successful testing of SOFCs in both single and stacked formations
with variable input conditions. Evaluation of the system’s operational parameters were
defined and recommendations for continual enhancement of primary components are
given. This research acts as a transition into future fuel-cell testing development by the Air
Force Research Labs (AFRL) and all supporting parties.
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NOMENCLATURE
𝐴

Area, 𝑚2

ASR

Area specific resistance, Ω-𝑐𝑚2

𝑎𝐻2

Chemical activity of diatomic Hydrogen, dimensionless

𝑎𝐻2 𝑂

Chemical activity of water vapor, dimensionless

𝑎𝑂2

Chemical activity of diatomic Oxygen, dimensionless

𝐶

Gas mixture concentration, 𝑚𝑜𝑙/𝑚2

𝑐𝑝

Gas mixture specific heat, J/kg-K

D

Diameter, m

E

Voltage, V

𝑒−

electron, dimensionless

𝐸𝐴𝑐𝑡,𝑎𝑛𝑜𝑑𝑒

Anode activation energy, J/mole

𝐸𝐴𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒

Cathode activation energy, J/mole

𝐸

Young’s modulus of elasticity, psi

𝐸𝑛𝑒𝑟𝑛𝑠𝑡

Nernst Cell Potential, V

𝐸𝑜

Cell potential at standard conditions, V

F

Faraday’s Constant, C/mole

f

Friction factor, dimensionless

g

Acceleration due to gravity, m/s2

∆𝑔𝑓𝑜

Gibbs free energy of formation, kJ/mole

ℎ

Heat transfer coefficient, W/𝑚2 − 𝐾

ℎ̅𝑜

Sensible enthalpy at STP condition, kJ/mol

𝑖

Current, A

𝑗

Current density, A/𝑐𝑚2

k

Thermal conductivity, W/m-K

𝐿

Length, m

𝑀

Molecular weight, g/mol

𝑚̇

Mass flow rate, kg/s

Nu

Nusselt number, dimensionless
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𝑃̇

Power, kW

𝑝

Power density, W/𝑐𝑚2

𝑃

Pressure, psia

𝑃𝑜

Reference pressure at ambient conditions (~14.2 psia)

Pr

Prandtl number, dimensionless

𝑄̇

Heat transfer rate, W

𝑅

Universal gas constant, kJ/kg-K

Re

Reynolds number, dimensionless

𝑟𝑖

Reaction rates for each gas species, kmol/s

𝑇

Temperature, K

𝑇0

Reference temperature at ambient conditions (~ 298 K)

𝑉

Volume, 𝑚3

𝑊

Work, kW

𝛼

Coefficient of thermal expansion, 1/K

𝜖

Emissivity, dimensionless

𝜖𝑡

Strain from thermal expansion, dimensionless

𝜖𝑡𝑜𝑡𝑎𝑙

Total strain on a system, dimensionless

𝜇

Dynamic viscosity, kg/m-s

𝜐

Kinematic viscosity, m2/s

𝜌

Density, kg/m3

𝜎

Stefan-Boltzman Constant, W/m2-K
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1. INTRODUCTION
Since the introduction of hypersonics, generating onboard power for a hypersonic
vehicle has been an ongoing challenge. Not due to lack of space, but primarily due to the
lack of moving parts like those available with subsonic and low-supersonic aircraft. The
typical engine used in current applications for both commercial and military aircraft are
turbofan engines. These feature rotating fans that are capable of generating onboard power
for various electrical systems. Vehicles capable of traveling at hypersonic speeds on the
other hand do not use turbofan engines due to the conditions required to produce the thrust.
Instead, these vehicles use ramjet and/or scramjet engines to provide thrust, capable of
reaching higher Mach-speeds in the hypersonic range (5+). Scramjet engines do not use
any rotating parts but instead use nozzle compression and direct fuel injection to generate
a hi-flow propulsive force. Without rotating parts, hypersonic vehicles seek additional
means of energy to continually operate their electrical systems. These energy sources must
be capable of using either minimal amounts of air or must be able to operate within the
high-speed, high-temperature air conditions.
Currently, there are a few energy sources that could be potential solutions for
providing power to the aircraft. Recent hypersonic tests have used on-board batteries,
capable of providing enough energy to these components for the specified short flight
period. Unfortunately, these batteries require recharging periods in-between flights and
limit the duration of continual operation. Other potential power-producing technologies
that can be included for this type of application are ram-air turbines, thermal-electric
generators, nuclear reactors, magnetohydrodynamic generators, and fuel cells. Each of
these power sources are continuous, though most require some additional type of fuel input
1

to operate. Ram air turbines generate power the same way as a turbofan engine, bringing
in a high amount of flow to rotate a blade-based motor. Unfortunately, this technology
requires a high amount of flow to cool the turbine, simultaneously causing a decent amount
of drag on the vehicle. Thermal-electric generators on the other hand are more than capable
of using the environment’s conditions to produce energy, though the cooling requirement
for this technology requires a complete subsystem and energy input to refrain from
degrading the internal components. The use of a nuclear reactor energy source shows
potential for the environment requirements, though the regulation for environment effects
and necessary cooling capacity makes this technology difficult to work with.
Magnetohydrodynamic generators require some additional flow sources/fuels to act as
accelerators in the generation mechanism which may be hard to obtain and recycle in the
flow process. Fuel cells, when used appropriately, are capable of using naturally-available
fuel sources and high-temperature environment to provide high-density power production
to the system. There are challenges associated with each of these technologies, though fuel
cells have shown the highest technology-readiness level of those capable of meeting the
needs of the system.
A wide range of fuel cells are capable of producing energy in various temperature
ranges. For this application, a solid-oxide ceramic based fuel cell (SOFC) is most effective
for the environment present. ATREX energy has been producing, testing, and operating
commercial based SOFCs with the intent of increasing the energy density of their cells for
various operating conditions. These cells are based on an oxidation reaction, using
hydrogen rich fuel and air as the primary inputs to the system. SOFCs are only viable
energy sources when operating around 800o Celsius, the optimal activation temperature,
2

therefore providing an environment of operation that can reach these temperatures for
stable operation is very important. GoHypersonics Incorporated is a small business capable
of developing computation fluid dynamic models to simulate the conditions of a hypersonic
vehicle environment. Heat production is made possible by pulling off a very small amount
of the inlet flow and diffusing it to much slower conditions. When this operation takes
place, an elevation of the environment pressure occurs. Standard SOFC operation occurs
at ambient pressure conditions, so the effects of elevated pressures in the system are
unknown.
In order to understand the performance of SOFCs in a hypersonic environment, the
development and preliminary operation of a simulated high-temperature, high-pressure
controlled system to test both single and multiple SOFC units is designed. This thesis
details the design, construction and instrumentation of a high temperature and pressure
SOFC test apparatus. The output of SOFCs heat-up staging in preparation for the inclusion
of fuel testing with both pure Hydrogen, H2, and Methane, CH4, fuel sources is result of
this thesis research. The process by which this system is designed, constructed, and
operated is defined in this document along with strategies in which the system can be
improved for future SOFC testing.
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2. BACKGROUND
Fuel cells are electrochemical devices which transform chemical energy from
hydrogen fuels into electrical energy through oxidation-reduction reactions [1]. They are
constructed of 4 primary components: the anode (positive electrode), the cathode
(negative electrode), the electrolyte, and the interconnections. Fuel cells were first
mentioned by Sir William Grove in the late 1830s, but they did not see significant use
until 1961 when NASA’s Project Gemini began using them [2]. There are many types of
fuel cells that can be used to generate electrical power, depending on the type of fuel and
environment. Some lower-temperature fuel cells such as Proton-Exchange Membrane
Fuel Cells (PEMFCs), Alkaline Fuel Cells (AFCs), and Phosphoric Acid Fuel Cells
(PAFCs) are effective for active-energy applications such as transportation. Higher
temperature fuel cells like Molten-Carbonate Fuel Cells (MCFCs) and Solid-Oxide Fuel
Cells (SOFCs) are primarily used for stationary power-generation applications because of
their efficiency and ductility. A comparison of these fuel cell types is shown in table 1.
Table 1: Comparison Summary of the Five-Major Fuel Cell Types
Characteristics PEMFCs
AFCs
PAFCs
MCFCs
o
Temp. ( C)
80
65 – 220
150 – 220
650
Pressure (atm)
1–5
~
1–8
1–3
Efficiency (%)
40 – 50
40 – 50
40 – 50
45 – 55
P.D. (kW/kg)
0.5 – 2.5
0.15 – 0.4 0.15 – 0.3
0.1 – 0.3
Power (kW)
0.001 – 1000 1 – 100
50 – 1000
100 – 100K
Electrolyte
Solid
Liquid
Liquid
Liquid
Catalyst
Pt
Pt
Pt
Ni
Fuel Source
H2 (reform)
H2 (pure) H2 (reform)
H2/CO/CH4
Oxidant
O2/Air
O2
O2/Air
CO2/O2/Air
Type
Small Utility Aerospace Small Utility Utility
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SOFCs
600 – 900
1 – 15
50 – 60
0.25 – 0.5
10 – 100K
Solid
CaTiO3
H2/CO/CH4
O2/Air
Utility

Varying from the other types, Solid Oxide Fuel Cells are made up of a ceramic
oxide electrolyte membrane that is capable of ion conduction. Before SOFCs were
introduced, research on ceramic conduction had been performed by Faraday in the 1830s
and transitioned into similar technology used with Walther Nernst’s “Nernst Glower”
lamp in the 1890s [13,14]. It wasn’t until later that fuel cells began using components that
align with technologies used in today’s cells, such as metallic interconnections and
porous electrolytes. Development for conductive materials and solid oxide fuel cells
carried on continually into the 1970s when electroceramics saw a rise in popularity.
Another important stimulant for the fuel cell industry was the oil crises of the 1970s as
research funds started being pushed towards development of alternative energy sources.
From the 1970s until the present, various companies across the globe worked on
developing high-interaction fuel cell technologies for residential, commercial, and
industrial purposes, ranging in power outputs up to 1 MWe. [17]
An important factor that has to be considered when developing solid-oxide
systems is the capability of long-term operation with minimal maintenance and rigidity
for various conditions. Past systems have been known to operate in these applications at
roughly 50% efficiency, though when combined with heat and additional power
conversion systems is capable of increasing the total system efficiency drastically.
Unfortunately, issues with performance degradation and lifecycle maintenance tend to
cause the efficiency to decrease over time. The performance of a SOFC is based on a few
separate chemical and material properties of the operating cell and fuel sources directly.
The best performance classification comes from the Nernst equation which sums the
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chemical potential energy transition of the cell based on the electrode potential reaction
and stored energy in the fuel types being used. The Nernst equation is shown as follows:
𝑣

𝑅𝑇

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸 0 − 2𝐹 ln (

𝑖
𝛱𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑣

𝑖
𝛱𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

)

[Eqn. 1]

In the Nernst equation, E0 represents the standard cell potential, R represents the
universal gas constant (8.314 J/mol K), T represents the operational temperature of the
fuel cell (800o , 1073 K), F represents the Faraday constant (96,485 C/mol), and aproducts
and areactants are the partial pressures of the fuel cell’s exhaust and fuel inputs,
respectively. In the case of a SOFC, the primary reduction/oxidation reaction is listed in
equation 2.
1
2

𝑂2 + 2𝐻 + + 2𝑒 − ↔ 𝐻2 𝑂

(𝐸 0 = 1.23 𝑉)

[Eqn. 2]

For most cases, this equation is used to determine a “rough estimate” for the
expected voltage of a cell reaction. However, many types of energy losses will result in
SOFC reactions, listed in four main subcategories: activation, Ohmic, concentration, and
crossover losses.
Cooper and Brandon [4] explain these losses in their subsection of the book
“Solid Oxide Fuel Cell: Lifetime and Reliability.” Activation losses are best defined as
the energy potential of cellular reactivity, being the main driving force for electrochemical operation kinetics. In quantification of this type of energy loss for the cell, the
activation overpotential, η, determines the difference between realistic and potential
energies in the operational electrodes. Any additional energy that is generated through
this operation is translated into excess heat production and will ultimately reduce the
overall potential of the cell. Ohmic losses in a cell are purely caused by resistance to
6

current flow across the cell. The primary contributor to this loss is found with the transfer
of ions across the various membranes, which stems back to the type of material,
configuration, pathways, and thickness of the cell’s layers. Concentration losses are based
on how much electron traveling is taking place across the cell’s primary electrolytic
layers. In most cases, this is a materials issue and depends heavily on even distribution of
reactants across the cell’s surface. Larger current density across different areas of the
electrolyte will result in additional power potential reduction of the cell. The last type of
energy loss, crossover losses, are a direct result of manufacturing and degradation issues.
For cases in which gasses can easily transfer between the two electrodes of the cell
without transferring ions across the electrolyte, the cell may be experiencing precombustion or early exhaustion issues. Similarly, if the electrical interconnections are not
well insulated, there is a potential for voltages to be lost in other areas. These failure
examples are both considered to be crossover losses and will ultimately affect the total
voltage generation of the cell itself.
The design of a SOFC is very straight-forward: two electrodes (cathode and
anode) separated by a passive electrolytic material with a flowing interconnection to
allow electrons to pass between the two through ionic transfer. To prohibit the passage of
electrons through the electrolyte, the material choice must only be conductive to the ions
of interest. Interconnections serve the purpose of directing gaseous flow through the cells
while transporting the electrons in the system from one electrode to the other. SOFCs can
be found in both singular and stacked formations. There are two primary formations that
SOFCs are designed in, either tubular or planar depending on their application. For
stacked formations, cells can either be oriented in a grid pattern if they are tubular or
7

stacked in layers if they are planar. The majority of SOFCs developed for commercial
applications are planar due to manufacturing restrictions and ease of stacking for power
density consideration. Other geometrical designs have been fabricated and tested in the
past like stacked-tube hybrids and variable diameter tubes, showing high energy potential
with variations in application [16].
A section in the book “Solid Oxide Fuel Cell: Lifetime and Reliability” discusses
the commercialization of SOFC systems and their most effective geometries. One of the
most important clarifications is the variance between types of planar cells based on their
supporting sections. The three primary planar cells used in commercial production are
electrolyte-supported cells (ESCs), anode-supported cells (ASCs), and metal-supported
cells (MSCs). MSCs have the lowest operating temperature capabilities of the SOFC field
due to their use of metallic-based electrolytes instead of ceramic, they are able to
withstand higher amounts of thermal cycling. This makes these cell-types show higher
durability for small scale, commercial systems. However, the longest lifetime testing for
SOFCs usually comes from ESCs as they are able to operate successfully for more than
40,000-hour lifecycles. Tubular cells that are being developed are usually considered
segmented-in-series (SIS) where certain sections of anode and cathode are held together
using interconnections and electrolytes that overlap new sections. [20]
Though the use of SOFCs is still stringent, there are many companies producing
SOFC systems for either experimental or commercial use, all having various power
requirements, geometries, and operational hours. Mukerjee, Leah, Selby, and all other
participating parties have compiled a list of most actively productive SOFC industries
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across the globe that are developing systems for both commercial and experimental
applications [20]. A list of these companies is shown in table 2.

Table 2: Commercial Fuel Cell Specifications [24, 25, 29 - 35].
COMPANY

TYPE

Ceres Power

Planar MSC

Bloom Power
Hexis
Kyocera/Osaka Gas
Mitsubishi-Hitachi
FC Energy/Versa
LG/Rolls-Royce
Delphi
TOTO
NGK
Murata
SOLID Power
Sunfire
Franhofer IKTS

POWER LEVEL
(kW)

1 – 25
Planar ESC
200 – 300
Planar ESC
1
Flattened Tubular ASC 1
SIS Tubular
250
Planar ASC
50
Flattened Tubular SIS
250 – 1000
Planar ASC
5
Microtubular
1
Flattened Tubular SIS
1
Planar ASC
1
Planar ASC
2.5
Planar ESC
3–4
Planar ESC
0.3 – 1.2

OPERATIONAL
HOURS

THERMAL
CYCLES

10,000

> 1500

40,000
10,000
16,000
15,000
18,000
15,000
7,000
8,000
3,000
8,000
20,000
20,000

50
No data
No data
No data
No data
170
No data
No data
No data
120
20
120

Lifetime degradation for SOFCs is separated into three types: intrinsic, extrinsic,
and cyclic [23]. In most cases, intrinsic and extrinsic degradation are the primary
degradation types, though with active thermal cycling, cyclic degradation plays a larger
role. Intrinsic degradation is caused by changes in material phases or structural shifting
and can take place across all parts of the cell as each section is prone mechanical strain in
their own ways. Types of intrinsic degradation include de-mixing of cathode materials,
electrolytic phase shifts, induced cracking from thermal stresses, and oxidation growth of
metallic interconnections. Extrinsic degradation is caused by changes in the chemical
composition for different parts of the cell. In most cases, this degradation is caused by
9

chemical poisoning of either electrode due to inlet contamination. Cyclic degradation is
caused by continual thermal stresses applied across the cell, either ruining the seals or
causing mechanical failures. In most cases, intrinsic and extrinsic degradation can be
mitigated by modifications to either up-stream components or the cell’s manufacturing
process. Cyclic degradation however is much harder to mitigate as the material types
being used are susceptible to mechanical fatigue over time. To determine the best method
for mitigating these degradation types, various SOFC development groups such as the
Japanese NEDO program, the Central Research Institute of Electric Power Industry
(CRIEPI), Rolls-Royce, Ceres Power, and others have performed both full-length
lifetimes testing as well as strenuous input validation for fast degradation strategies. [25,
27, 29, 39]
In most SOFC development, the use of protective layers applied in the
manufacturing stage have assisted in mitigating cell poisoning and degradation effects.
Unfortunately, the biggest issue with the “scale up” of SOFC systems is the issue of
achieving cost effectiveness for the lifetime of these cells. The authors define the primary
issues with SOFC geometries, and their applications as follows:
1. Tubular SOFCs
a. Higher cost, lower power density, poor dynamic efficiency.
2. Planar Electrolyte-Supported Cells
a. High cost, poor thermal cyclic resistance.
3. Planar Anode-Supported Cells
a. Poor durability for redox cycling, poor thermal cycle resistance.
4. Planar Metal-Supported Cells
a. Low technology-readiness level, possibility of underdeveloped failure
modes.
Lifetime prediction will always serve an issue with SOFCs as short-testing plans
do not always show similar results to actual lifelong development. Being able to use
10

better testing to mature this cell technology is predicted to evolve this technology to new
levels over the coming years.
One of the reasons SOFCs are so beneficial for electrical power production is fuel
flexibility. Because of their high operation temperatures as compared to other fuel cell
types, oxygen atoms are easily transferrable for oxidation reactions. Therefore, under
appropriate pre-processing conditions, SOFCs are able to use carbon monoxide (CO-),
methane (CH4), and other hydrocarbon fuel types for primary fuel supply. Though pure
Hydrogen is the most optimal fuel source for SOFC reactions, the process in which pure
Hydrogen is obtained requires large amounts of energy through water decomposition.
Hydrogen can easily be acquired through reformation of hydrocarbon sources instead.
Fuel processing is a method used to transform either liquid or gaseous hydrocarbon fuels
into hydrogen-rich inputs for fuel cell applications. These fuel processing stages are
defined throughout the chapter.
The first of many fuel processing stages is catalytic fuel reforming. In this
process, hydrocarbon fuels experience a preliminary, incomplete combustion through the
intermixing of oxygen or water at lower-combustion level temperatures. The processes in
which the fuel can be reformed are shown in equations 3 through 5.
𝑃𝑂𝑋:
𝑆𝑅:
𝐴𝑇𝑅:

𝐶𝐻4 + 𝑎𝑂2 → 𝑏𝐻2 + 𝑐𝐶𝑂 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂

[Eqn. 3]

𝐶𝐻4 + 𝑎𝐻2 𝑂 → 𝑏𝐻2 + 𝑐𝐶𝑂 + 𝑑𝐶𝑂2 + 𝑒𝐻2 𝑂

[Eqn. 4]

𝐶𝐻4 + 𝑎𝑂2 + 𝑏𝐻2 𝑂 → 𝑐𝐻2 + 𝑑𝐶𝑂 + 𝑒𝐶𝑂2 + 𝑓𝐻2 𝑂

[Eqn. 5]

The first equation, partial oxidation (POX), uses the mixing of direct oxygen with
the fuel to produce byproducts of hydrogen (H2), carbon monoxide (CO), carbon dioxide
(CO2), and water (H2O) in various quantities depending on the input quantities and heat
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required for reaction. The second equation, steam reforming (SR), is a similar process to
partial oxidation, but uses direct steam injection to separate out the byproducts. The last
equation, autothermal reforming (ATR), uses a mixture of both POX and SR processing.
The most common process however is steam reformation as it yields the highest amount
of hydrogen atoms out of the three processes listed. The types of reactions taking place
however are variable from each other. Steam reformation is an endothermic reaction,
requiring additional heat over a long time period to obtain the best results. Partial
oxidation results in a lower hydrogen production but is endothermic, producing heat over
a relatively short time period. Autothermal reformation was created to act as a merger
between the two steps as the reaction is considered to be thermally neutral. Figure 1
shows the primary design of a tubular SOFC with appropriate cellular reactions through
its interior. Reactions taking place inside of the cell are a product of autothermal
reformation and oxidation reduction, being the primary two reactions experienced with a
fueling method known as direct-methane injection.
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Figure 1: Tubular SOFC processing for a direct-methane injection test.
Once hydrogen atoms begin separating from the carbon counterparts, a secondary
step known as desulfurization may take place. In most cases, hydrocarbon fuel sources
will contain small quantities of sulfur which is known for harmful degradation and
poisoning of fuel cells. In most cases, this process involves running the fuel source
through a catalyst that is capable of removing this sulfur content easily at high
temperature. Additional preliminary components may be used to prepare the fuel sources,
such as a steam generator to assist in steam reformation and a preheater for
desulfurization and secondary fuel reforming. Some postprocessing steps may even
include additional combustion in an after-burner to remove any carbon monoxide from
the exhaust of the anode, as well as unspent hydrogen. However, most of these
preliminary steps are considered to all be a part of the fuel processing system.
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Fuel processing systems are the main components used for transforming the
hydrocarbon fuels into hydrogen-rich gasses. They tend to be made up of a series of
catalysts, fuel distributors, pumps, blowers, and sensors that can monitor and regulate the
percentage of each byproduct through the reaction. Because of fuel flexibility, most preprocessing systems require active monitoring for degradation due to carbon build-up,
catalyst failure, sensor failure, and other potential threats that may cause harm to the fuel
cell itself. Degradation from thermal and pressurization effects also play a role on preprocessing components like pumps, sensors, meters, and other primary fuel-controlling
components. Similar degradation effects will also affect post-processing components like
exhaust treatment, recirculation loops, electrical and thermal management systems, and
seals.
Because of their mechanical properties, SOFCs can develop cracking effects
through their electrolytes that are capable of leading to catastrophic failures. Atkinson
discusses some of the critical effects for SOFC failure through either chemical deposition
or mechanical stresses in his paper on electrolytes and factors influencing their lifetime
[46]. Mechanical stresses on the fuel cell are more than capable of causing catastrophic
failures across the electrolyte’s structure if not taken care of. Thermal stresses pay the
highest toll on the cell due to thermal expansion that takes place. The amount of strain
across the cell is best defined by the equation for thermally induced strain.
𝜖𝑡 = 𝛼(𝑇 − 𝑇0 )

[Eqn. 6]

With higher temperatures used in the system, larger amounts of strain are
experienced across the cell’s structure. If the strain on the cell is uniform, the cell will not
experience high amounts of stress. However, because of different materials used for
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separate components of the cell, the potential for delamination issues increases greatly
depending on the variance in material properties. The total strain is a combination of the
thermal expansion and the elasticity of each component of the cell. The total strain is
represented in equation 7.
𝜖𝑡𝑜𝑡𝑎𝑙 = 𝛼(𝑇 − 𝑇0 ) +

𝜎(1−𝜈)
𝐸

[Eqn. 7]

The elasticity component of the strain is based on residual stresses applied across
the system which tend to be largest at room temperature. In total, if the complete strain of
the cell is uniform for all conditions, the mechanical stresses on the system will be
minimal and will most likely not cause a catastrophic failure based on temperature
changes. However, other factors like temperature variability and reactivity “hot spots”
across similar parts of the cell can cause high stress for those areas. For instance, in
tubular cell geometries, it is possible for variable input temperatures on the cathode and
anode sides of the cell to cause a large strain distribution and potential separation of
layers. As noted by Atkinson in his closing remarks, “The lifetime of an SOFC
electrolyte can be compromised by either chemical or mechanical processes. In both
cases, it is very difficult to predict the lifetime,” (pg. 33). Though there are many
methods and assessment pathways to determining the probability of these failures, the
rate in which they may occur is much less known unless direct inspection of the cell’s
structure takes place intermittently through the testing process.
Though designing a system for perpetual testing of SOFCs is fairly commonplace
for laboratory research, designing a SOFC system for continual thermal cycling with
various pressurization and loading effects is rarer. Some large systems have been
designed and constructed to test SOFCs under increased pressures in hybridized gas
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turbine power systems as this type of system would be the most beneficial from highpressure fuel cell inclusion. The Siemens-Westinghouse Power Corporation in
conjunction with Rolls-Royce proposed the development of a hybrid high-pressure solid
oxide fuel cell/ gas turbine power system through a grant sponsored by the department of
energy in 1998 [47]. Research prior to their involvement has shown that SOFCs and gasturbine systems are capable of independently operating at efficiencies of 45% and 30%,
respectively. However, when combined into the same cycle, complete system efficiencies
can be 60% or greater do to elevated operating pressures and post-processing of the
SOFC exhaust gasses. Both of these components tend to operate around the same
temperature range, as inlet temperatures around 850o C to the turbine align with the
expected outlet temperatures of the SOFC. The Siemens Westinghouse group is the
primary research team behind this system evaluation, labelled as the High-Efficiency
Fossil Power Plant (HEFPP) system. Operating off of a combined cycle of a highpressure (HP) turbine and SOFC stack in series with a low-pressure (LP) turbine and
SOFC stack, the overall size of this system would take up a 61-meter x 41-meter space.
Each of the two SOFC systems, HP and LP, are made up of 4 and 5 separate stack
modules respectively, each module housing a bundle of 11,520 cells in a cylindrical
vessel being 11-meters in length and 3.5-meters in diameter. Each cell is of a tubular
geometry, sizing in 22-mm diameter with a length of 1.5-meters. A process and
instrumentation diagram used for this system is shown in figure 2.
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Figure 2: HEFPP system design overview.
The article employs a concurrent flow along the length of the fuel cell. However,
it was once believed that providing a crossflow on the exterior of the cell would increase
the efficiency of the system. With the cells fabricated such that the cathode is on the
interior of the tube and the anode is on the exterior of the tube, this application method
could make logical sense. However, testing showed that heating effects of the fuel and air
inputs caused the first few cells of the bundle to operate at less-than-optimal conditions.
The overall power production experienced by a system of this magnitude is estimated to
be upwards of 19 MWe, where 15 MWe is generated by the SOFCs and the remainder is
produced by the gas turbine. From evaluation, this model predicts an efficiency of
roughly 67% where primary losses are expected in the pre-processing of natural gas
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stages into the system. Relatively speaking, the power output would be about 1 MWe
greater than that of a similarly operational cost power system, but the emissions created
by this system are 1/3 less than that of a conventional power system (CO2 being the
primary off gas). Overall, the efficiency comparison between a hybrid SOFC system and
a conventional power-production facility is offset by about 20%. [47]
Testing for cellular performance has also been conducted by both the SiemensWestinghouse and the Ontario Hydro Technologies (OHT) groups. For both cases,
SOFCs were tested from ambient up to 15 atmospheres of loaded pressure using both
hydrogen and natural gas fuel sources. Singhal discusses his findings in his paper
“Advances in Solid Oxide Fuel Cell Technology” published by Siemens Westinghouse
Power Corporation in 2000 [48]. His work describes the use of similar SOFC-gas turbine
power systems with efficiencies that approach 70%. Testing by the SiemensWestinghouse group has resulted in up to 25,000 hours with minimal degradation effects.
Similarly, their testing has included thermal cycling on cells between 1273 K and room
temperature, stating that no mechanical strain or performance degradation occurred as a
result of 100 cycles (pg. 309). The most promising results from their testing comes from
pressurized performances, showing that operating the cells at an increased pressure
returned higher cell power. This is a direct result from increasing the value of the Nernst
potential, equation 1, while reducing polarization on the electrodes (pg. 309). Figure 3
shows the shift in cell power production for various operational pressures.
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Figure 3: Variance in SOFC operating power with changes in testing pressure. [48]
Similar testing performed by the OHT group has shown an increase in voltage
output for an increase in pressurization, though these effects are only beneficial for an
applied pressure up to 3 atmospheres before buoyancy and friction effects take over [47].
Under similar principles, results like those obtained by Siemens-Westinghouse and
associated parties can be replicated and improved under various testing practices.
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3. SOFC SYSTEM DESIGN
The process of designing a complete SOFC test system requires analysis of fluid,
thermal, and mechanical dynamics as well as computational 3D modeling, algorithm
development, and human-interface considerations. To better understand the system being
created, visual development of the entire SOFC system was made using various P&ID
programs. Initial P&ID designs lacked development with only a few system components,
though primary states are defined based on the required operations. Figure 4 is the
proposed overview for a testing system in support of the first phase project requirements.

Figure 4: Initial P&ID model for system proposed in Phase I of the STTR program.
The system’s initial designs include a primary LNG fuel feed into a 2-phase heat
exchanger system with high-temperature feed air. From the heat exchanger, both flows
are monitored and regulated to ensure appropriate reaction conditions for injection to a
primary SOFC, either in a single or stacked formation depending on flow quantities. The
anode line of the cell included an additional recirculation line for steam reformation
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purposes with the potential for a desulfurization system if necessary. Both flows are then
recirculated back through other pre-heating sections or flown out of the system through
an exhaust port. This design serves as a starting point for constructing a physical test
system for power production. However, due to the timeline and physical constraints, a
system of this nature needed reductions.
Development of a complex power production system is difficult, requiring many
collaborative minds. In doing so, the understanding of potential “stalling-points” is
increased, allowing the system to shift focus throughout its development. In the case of
phase II for the STTR development, the first reduction that was made was the inclusion
of a 2-phase, LNG-transitioning heat exchanger. The development of this component
requires heavy research into materials capable of withstanding the large thermal
gradients, providing sufficient heat conduction to a cryogenic liquid to raise the internal
temperature up to superheated vapor conditions. Additional issues with the inclusion of
this component are caused by the lack of an LNG supply source. Most research that uses
LNG either is capable of forming it on-site from compression and cooling techniques or
features a better location of resources for industries that require the use of LNG. The
scope of this research is not directly focused on frequently changing the state of a natural
gas, but rather the capability of using natural gas at high temperatures to generate
electrical power. Additionally, the ability to provide the amount of heat required to both
change the state of LNG while also meeting the operation requirement of the fuel cell is
difficult with limited resources. Because of this general assessment, the use of an LNG
heat exchanger was omitted, allowing both of the input lines to be heated independently
of each other. For research purposes, the use of both gaseous hydrogen and gaseous
21

methane inputs were included to compare the effectiveness of either fuel source with the
system.
A second reduction made from the initial proposed system was the anode
recirculation loop. The inclusion of this loop is very beneficial for the use of hydrocarbon
fuels as it assists in the decomposition into parts capable of oxidation reduction. The
primary issue in this step is the collection and regulation of return-cycle gasses from the
anode side of the cell. In most tubular systems, the anode makes up the outermost layer of
the system as the crossflow of fuel is easier to collect and recycle. With the knowledge
that in an applicable case, all gasses used in the system will immediately be directed
through the combustion zone of a vehicle, the inclusion of an additional recirculation
loop goes against the application’s purpose of a once-through system with potential
propulsion generation. With the removal of the anode off-gas recirculation loop, a
secondary process was introduced. Allowing a small stream of air to flow into the fuel
line prior to the heating section would assist in reforming a small amount of fuel through
a partial-oxidation reaction, as explained in equation 3. The use of a partial-oxidation
injection point on the fuel line is both safer and easier due to the use of low-temperature
controllers and seal-points.
Though these two changes make up the primary shifts of the system’s preliminary
design, additional components were added to address concerns of both safety and
functionality. Regulator flow valves, mass-flow controllers, flow-splitters, filters,
circulation fans, primary heaters, heat exchangers, over-pressurization valves, and
multiple sensors are integrated to best define and control states of the system. A finalized
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P&ID of the SOFC system is shown in figure 5 with the inclusion of all defined
components and stages required for successful SOFC operation, control, and evaluation.

Figure 5: Finalized P&ID of SOFC testing system.
Using the P&ID model of the system as a guide for system development and
generation, appropriate modeling of system stages such as the required flowrates, heating
characteristics, SOFC operations, safety measures, and physical sizing of components
could be performed effectively.
A. Flowrate Requirements
The flowrates needed for successful SOFC operation are determined by the
overall fuel-utilization, power generation, and exhaust concentration requirements. The
amount of fuel utilization is best determined through reactivity equations of hydrogen and
methane. ATREX Energy’s engineering department pieced together a fuel cell flow-rate
generation program, capable of determining necessary flow rates for both cathode and
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anode sides of the cell. Based on the number of cells, current load applied, and fuel
utilization percentage, the flow rates for anode fuel and cathode air are derived. To
determine these values, some ideal operation conditions are assumed:
1. Inlet temperatures of 800o C on both sides of the fuel cell(s).
2. Fuel cell has risen to required operating temperature, prior to hydrogen injection
on anode side of cell.
3. Minimal 12% O2-content in downstream flow (higher quantities are acceptable for
safe exhaust scenarios).
4. Preliminary fuel reformation of methane has already taken place.
The program itself has bounds for operation. The maximum number of cells the
system will allow is 9, as that is the largest amount this project has agreed to test in the
2nd phase. The range of amperage loading is limited up to 200 amps as it is not ideal to
drive the operation voltage of each cell lower than 0.4 volts. The range of fuel utilization
percentages is between 10% - 70%, being the least and most ideal performance rates for a
once-through SOFC system, though the flow rates calculated are roughly around 50%
utilization for both fuel sources. The cathode air stoichiometry is based on the direct
SOFC oxidation reaction of Hydrogen ions for the system, ranging from 1:1 to 1:6 parts
hydrogen to oxygen, respectively. For safety measures, a stoichiometric ration of 1:3.5 is
used, providing enough oxygen to the reaction to result in nearly 20% O2 in the exhaust
stream, neglecting additional inlets and mixing points. Depending on the oxygen to
carbon stoichiometry used in the partial oxidation process (another variable in the flow
calculator program), the flow rates for CH4 and anode O2 are also calculated.
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Under these conditions, appropriate fuel flow rates for both single and stacked
cell formations can be determined with slight changes in the warm-up flow values
through testing. Figure 6 shows the calculator and associated framework designed by the
ATREX engineering group.

Figure 6: Calculations for flowrates of SOFC system under various input conditions.
Using the given calculator program by ATREX Energy, flow rates for cellular
systems of single, 3-cell, and 9-cell stacks were obtained. These values determined
thermal capabilities for the system, sizing for system components, and inputs for SOFC
modeling computations. A list of values for single, 3-cell, and 9-cell systems under the
sizing requirements set by ATREX are shown in table 3.
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Table 3: Calculated flow values for all inputs, 50% fuel utilization with maximum current
conditions.
# of Cells

1-Cell

3-Cells

9-Cells

Hydrogen Test

2.51 SLPM

7.53 SLPM

22.58 SLPM

Methane Test

0.88 SLPM

2.64 SLPM

7.92 SLPM

Anode O/C

2.41 SLPM

7.23 SLPM

21.69 SLPM

Cathode Air (1:3.5 Stoichiometry)

29.33 SLPM

88.00 SLPM

264.0 SLPM

In the operation of a methane test, as the total loading applied is increased with
internal reformation of hydrocarbons, the overall anode O/C content will decrease as
well. Initially, the O/C content for the anode flow is 1.2:1. With successful cell testing,
the smallest O/C ratio that would be experienced is 1:2. As the increase in pressure
results in higher fuel density, the ratio will decrease further. This is all based on the
partial pressures of the system, fuel supply rate, and experimental success of fuel cell
power generation. Using the determined flow rates, the fluid and thermal requirements
for high-pressure SOFC operation are calculated.
B. SOFC Operation Modeling
Continual development of a simulated SOFC model was performed using
MATLAB’s built in SIMULINK software. This model was originally created by Venkata
Chakravarthula, a Wright-State Master’s student whose graduate studies focused on
transient analysis of a hybrid SOFC/ gas turbine system [40]. The models generated by
Chakravarthula were used to justify the flight conditions for the first phase of the STTR
project. Various testing cases for methane or hydrogen gas and hot air inputs at elevated
pressures were tested for species conversion parameters. To justify the change in
26

performance for various input flows, each were processed through a fuel cell system
capable of calculating power performance outputs over a range of input conditions.
Variations include performance profiles for input temperatures, sizing constraints, mass
flows, and bundle sizing. Necessary flow rates for both anode and cathode sides of the
cell are used as inputs to predict accurate production results. A model of this complexity
allows for comparison of systems that may be utilized for in-lab settings, though
limitations in the physical vs. simulated framework exist. These issues include thermal
stress restrictions on the system components, sizing constraints based on real-world
elements, and finite value analysis for fluid conditions of each working gas. Heating
elements in the system are modeled for an assumption that there will not be any
complications with thermal stress or expansion issues knowing that these issues exist in
real-world testing. Modeling outputs are reduced from a full system output of 1 MW to
values relevant to a 2-kW system, dictating reasonable test values for mass flows,
temperature gradients, and flow pressures. Though this system is functional, output
values for desired inputs are not conclusive. Further development of this system was
conducted to focusing on pre-processing of input gasses and exhaust. The Simulink
model for the comparative study of possible system outputs is shown in figure 7.
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Figure 7: SOFC system model developed in Simulink.
The system test includes an initialization stage, mode 1, to provide heat to the
system, a ramp-up state operation, mode 2, that shows the interactions taking place when
fuel is introduced to the system, and a steady state operation, mode 3, that shows the
interactions taking place when the system reaches optimal operation. In the mass flow
requirement, the anode air flow ramps from 600 seconds to 1500 seconds between 3.73e6 kg/s to 1.439e-4 kg/s, as defined by the system requirement by ATREX. In this time
period, the temperature ramps from 400 K to 1073 K, the optimal temperature of the fuel
cells. Fuel is introduced to the system around 1900 seconds into the test, ramping to a
maximum value of 2.961e-6 kg/s for steady-state, single cell operation. To combat the
temperatures produced by the combustion unit, downstream air is introduced around 2800
seconds at a rate of 1.249e-4 kg/s. This results in an optimal flow range of values for
producing maximum current at ambient pressures. These modes are best explained in
figure 8, showing the mass flow as a function of time and change of modes to the system.
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Figure 8: Mass flow requirement for single-cell system testing over the primary testing
timeline.
To ensure that the temperature of the cell is not reaching values greater than the
maximum allowance, nodal analysis was performed at the 10 separate nodes along its
length. This operation takes exothermic reactions into consideration for optimal
temperature distribution of the three various modes experienced during a test. Figure 9
shows the comparison of the cell stages during the testing period.
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Figure 9: Predicted cell structural temperatures for separate nodal points along the length
of the fuel cell.
These inputs are capable of generating outputs with optimal performance levels as
far as varying voltage and current density equate. Ramping up the current from 0 to a
maximum operating case of 100 Amps shows optimal performance occurs around 0.85 V
according to model data. Though it does not line up exactly with the values determined
by ATREX’s physical tests, the data correlation is relatively accurate and can be trusted
for generating basic values for required inputs to the system. Figure 10 shows the voltage
gradient over the length of the test reaching a steady-state operation point. Additional
data can be generated by Wright State’s system, though upgrades to the processing must
be completed to continue validation of its outputs. Additionally, backing up the fuel input
values to support the expected outputs by the system ensures the safety group that a safe
“worst case” scenario can be diverted.
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Figure 10: Voltage as a function of time through the ramp up conditions of a solid oxide
fuel cell model.
Other models generated using this analysis method predicts fuel utilization
percentages of 70% maximum, aligning with those provided by ATREX’s fuel flow
calculator. A general current density prediction for the 3rd mode of operation, steady
state, shows a maximum of 0.603 A/cm2, equating to a maximum energy prediction of
85.5 W through a single cell. For operation at 180 Amps, this would produce a voltage of
roughly 0.475 Volts, which is in the range for successful cellular operation.
C. Thermal Requirements
The optimal temperatures for an SOFC to operate are based on the materials being
used in the system. By rule of thumb, the conductivity of atoms will increase as the
temperature of the environment increases, driving up the efficiency of power production
for electrochemical reactions. The limiting factor that affects the maximum operating
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temperature in most cases is the melting point. For cells developed by ATREX energy,
the inclusion of silver-alloy interconnection pieces restricts the maximum operating
temperature to 1123 K before degradation effects of the cell start taking over. In turn, the
optimal operating temperature of these SOFCs is focused around 1073 K, leaving some
room for a variation of input temperatures.
A resistive heat transfer model was made to calculate the necessary heating input
for the system flow paths. The bounds of the heater system were set between ambient
inlet conditions of 298 K to a 1073 K exiting temperature, being the highest allowance
temperature of the fuel cell. In an ideal case, this range would predict the smallest amount
of power required to generate the necessary heating input and therefore should not be the
highest bound of the heater’s potential. The geometry of the heater section would be
tubular with a specified wall thickness and flow diameter, varying based on the flow
requirement and heat transfer capabilities. The operational tube temperature is
determined by the melting temperature of the steel being used. In either case, stainless
steel alloys designed for high-temperature applications are incorporated, though to reduce
coking effects on the anode flow from high-temperature methane reformation, a nickelalloy based, high-temperature steel is used instead. Both of these steels are able to
withstand operational temperatures up to 1500 K before phase shifts and/or melting
begins. With pressurized conditions, this maximum temperature allowance decreases.
Therefore, for safety purposes, a maximum surface temperature for both lines is limited
to 1300 K.
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For flow path sizing and thermal convection optimization, tubing with 1”-OD was
used for both anode and cathode line analysis. The following assumptions must be made
for predicting accurate thermal values for the system:
1. Flow through the system is steady state.
2. The flow is fully developed both thermally and hydraulically.
3. The temperature of the tube surface is constant for a given differential length.
4. Fluid properties for all gasses used are evaluated at the temperature of each
differential length of tubing (Δ𝐿) along the total length.
5. Fluid properties outside of the tube are evaluated at the film temperature.
6. Convective/Radiative heat transfer to the working fluid is much larger compared
to axial conduction through the tube wall.
7. The heated system is very well insulated. Heat lost to outside environment is
negligent.
A thermal resistance network is developed by taking convective, conductive, and
radiative heat transfer components between the heater and center of the concentric tubing.
The equations for each resistive heat transfer component are given as:

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =

1
ℎ 𝑖 𝐴𝑖

=

1
ℎ𝑖 (𝜋𝐷𝑖 Δ𝐿)

[Eqn. 8]

𝐷
ln( 𝑜 )

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 =

1
ℎ𝑟𝑎𝑑 𝐴𝑜

𝐷𝑖

2𝜋Δ𝐿𝑘𝑠𝑠

=

1
ℎ𝑟𝑎𝑑 (𝜋𝐷𝑜 Δ𝐿)

[Eqn. 9]

[Eqn. 10]

For radiative heat transfer, the necessary coefficient is defined as:
ℎ𝑟𝑎𝑑 = 𝜖𝜎(𝑇∞ + 𝑇𝑜 )(𝑇𝑜2 + 𝑇∞2 )
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[Eqn. 11]

In this equation, 𝜀 is the emissivity of the working gas, and 𝜎 is the StefanBoltzmann Constant (5.67 x 10-8 W/m2-K4). For convective heat transfer, fluid dynamics
evaluations of the gas being heated at each length iteration are considered. Primarily, the
consideration for either laminar or turbulent flow through the tube must be made. The
Reynolds number correlation is used to calculate the type of flow through the system:

𝑅𝑒 =

𝑉𝐷
𝜈

=

4𝑚̇

[Eqn. 12]

𝜋𝜇𝐷𝑖

Using the fluid properties like dynamic viscosity, 𝜇, and the flow rate through the
cross-section, the Reynolds number is found. By direct rule-of-thumb, flows with
Reynolds numbers greater than 3000 are assumed to take on turbulent characteristics,
while flows less than 3000 are more likely to be laminar. This is not always the case as
variable pressures, entry dynamics, and surface features can affect the flow as well. The
basic assumptions made for these calculations neglect these features for preliminary
justification.
For the convective heat transfer coefficient, the following equation is used:

ℎ𝑖 =

𝑁𝑢𝑖 𝑘

[Eqn. 13]

𝐷𝑖

This equation incorporates the Nusselt number, Nu, determined through fluid
calculations, the thermal conductivity of the fluid, km, a fluid property found based on
flow temperature, and the flow diameter, Di. The Nusselt number equation has two forms
depending on the flow characteristics:

𝑁𝑢𝑖 = 3.66
𝑁𝑢𝑖 =

(𝐿𝑎𝑚𝑖𝑛𝑎𝑟)

(𝑓⁄8)(𝑅𝑒−1000)𝑃𝑟
1+12.7(𝑓⁄8)0.5 (𝑃𝑟 2⁄3 −1)
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(𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

[Eqn. 14]
[Eqn. 15]

Laminar flow cases are much easier to calculate compared to turbulent cases. In
equation 15, the Prandtl number, Pr, is determined through fluid properties found at each
iteration of the flow along the length of the pipe. The friction factor, f, is calculated
through use of the Reynolds number of the flow. The calculations for both values are:

𝑃𝑟 =

𝜇∗𝑐𝑝
𝑘

𝑓 = [0.790 ln(𝑅𝑒) − 1.64]−2

[Eqn. 16]
[Eqn. 17]

The Prandtl-number equation uses the dynamic viscosity, the specific heat, and
the thermal conductivity of the fluid flowing through the medium. Using each of these
equations to evaluate all thermal resistances across the system, the heat transfer rate for
the system at individual points is found. This is shown in equation 18:
𝑇 −𝑇
𝑄̇ = ∞,𝑜 ∞,𝑖
𝑅𝑡

[Eqn. 18]

In this equation, assuming that the outer steady-state temperature is greater than
the inner steady-state temperature, the heat transfer will be positive. The value for Rt, the
total resistance, is determined by the amount of heat transfer “layers” for the system. The
resistances add when they are in series of each other and are averaged when numerous
resistance components make up the same layer. For instance, in most cases, radiation will
also have a component of natural convection and needs both resistances accounted for to
obtain the best prediction.
Depending on the method of heat transfer to the system, the value for the total
resistance will vary. Initial designs incorporated a clamshell tube-heater using nichrome
wire at high currents to generate a heating element. However, the sizing requirement of
these heaters make them very difficult for mobility and rearrangement or replacement of
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components over time. Therefore, a different type of commercial heater technology was
evaluated for this application: induction heating. Using coiled, electrically conductive
piping with an alternating flow of current passing through them, a magnetic field is
generated by the coils to form eddy-currents through any conductive material. Depending
on the conductivity and material resistance of the object located in the coils, the eddycurrent will generate heat in the material as it passes magnetic fields through it. This
heating method is most common with stove-top induction heaters for cooking purposes
but has also introduced itself to welding and furnace applications in recent years. Unlike
general heaters, induction heating does not heat the surface of the material but the entire
material. With active material temperature monitoring, the heat transfer model reduces
down to a simple analysis of forced convection to the internal fluid with some
consideration for eddy-current interactions. This resistance model is quickly dissolved
into figure 11.
Nitrogen

Tube Wall
N2, H2, CH4

𝑇∞,𝑖
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𝑇∞,𝑜
𝑅𝑐𝑜𝑛𝑑

𝑟𝑖
𝑟𝑜
Figure 11: Thermal resistance network for heated tubing.
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From the use of the induction heating mechanism, the pipe is expected to reach a
uniform temperature based on the process used to heat the material. Therefore, the
temperature values of the inside wall, T1, should be the same as the outside wall, T∞,o. In
this case, to determine the internal temperature, the change in states for each length of
tubing will only require evaluating equation 18 for the convective heat resistance.
Assuming an outer wall temperature of 1273 K for this testing over a heating length of
0.53 m (longer coils are difficult to manage from potential resistance build-up in the
coils. Using the flowrates defined, a table of outputs for given power conditions would
result in the following output temperatures with specified heat-transfer requirement.
Table 4: Initial convective heat transfer results for induction using 0.53 m length.
# of Cells

1-Cell

3-Cells

9-Cells

Hydrogen Test

1273K @ 109 W

1187 K @ 270 W

716 K @ 305 W

Methane Test

1273 K @ 133 W

1093 K @ 305 W

616 K @ 287 W

Cathode Air

583 K @ 177 W

694 K @ 744 W

643 K @ 1.9 kW

The first round of results show strong heat transfer for the anode flow types for
both single and three-cell stack testing. Due to laminar flow restrictions, the cathode flow
does not see a strong change in heat transfer allowance until a 3-cell stack is integrated.
In all three cases however, the 0.53 m length of heating does not provide enough heat to
the environment to reach the required temperatures for successful operation. Upon
investigation of this result, the use of a 5-loop cathode flow system through the coiled
heater section was proposed using 3/8”-OD tubing. With this update to the design, the
required flow temperature is obtainable. A minimum heat transfer requirement for the
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heater section is 5.7 kW of power for the maximum flow case. Therefore, the heating
units must be capable of producing this much power in the worst-case scenario.
As a rule of thumb, because the cathode flow is much larger than the anode flow
requirement, the driving heat source for the environment will come from the cathode
heater input. With proper insulation applied to all components of the environment, the
system should be capable of reaching the desired temperatures if the cathode flow is
continually meeting the required input conditions. A similar resistive heat transfer model
was developed for insulation thickness to predict relative temperatures along the length of
the pressure vessel. The use of this model is to determine the average nitrogen
environment temperature for sensor and user safety. Calculations for all heat transfer
predictions are discussed in appendices B and F.
D. 3D System CAD Modeling
A strong evaluation method to determine the best components to use with a
physical test stand is to design the entirety of the system in a solid modeling software
first. This process allows the user to change sizing, location, and styling of a system to
test the fit of off-the-shelf components with self-fabricated systems in series of each
other. Prior to the start of the modeling process, a few setpoints were made from either a
facility provision, engineering capability, or safety input:
•

The allotted floor space for the system is 100 ft.2

•

The system must implement castor wheels for mobility in future applications or
transportation purposes.
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•

The fuel cell housing is cylindrical to provide ease of installation for various
SOFC systems, single or stacked, while also supporting strong thermal
characteristics for long-term testing.

•

All high-temperature components must be housed in a nitrogen-purged
environment for flammability restrictions.

•

Provide storage space above/below nitrogen environment for power units, heaters,
cooling systems, etc…

•

Ease of access to flow valves, regulators, fuel inputs, and sensors for calibration
and/or replacement purposes.
With these conditions in mind, a model of the testing rig took form. Initial stack

sizing was capped at 25 micro-cells, though with some changes based on delivery times
and production capabilities by the providing group, the system was built to house a
maximum of a 9-cell bundle. Using the SolidWorks 2016 – 17 modeling program, a
complete system model was fabricated. The primary assembly model includes every
section of the full test stand: inputs of the separate fuel sources (methane, hydrogen,
nitrogen, and air supply), regulation of flow rates and paths, heating elements and flow
reactions, combustion, cooling of exhaust gasses, and regulation of downstream exhaust.
Using real components from registered vendors that are capable of operating within the
set testing conditions, a full-scale model is generated. Figure 12 is an overview of the
entire system with stand-offs for electrical dissipation, flow controllers for all inputs, a
chiller system to provide cooling support to two induction heaters and an exhaust heatexchanger and spacing to view the overall size for integration into the testing
environment.
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Figure 12: Isometric View of the Test-Stand Assembly.
The flow distribution front panel design incorporates check-valves, solenoid
valves, regulators, flash-arrestors, and crossflow tees to give total control of flow inputs
to the operator or controlling interface. A general layout of this front panel is shown in
figure 13.
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Figure 13: Front panel layout for appropriate fluid distribution.
The front panel supports flow from a left to right direction. The upper pathways in
figure 13 support the nitrogen-purged environment, having 2 fail-open solenoids for
variable purging rates. A split line from the nitrogen flow provides a nitrogen purge to the
anode line during both heating and cooling processes. The second and third pathways
down from the top left are used to provide either hydrogen or methane flows to the
environment, regulated by mass-flow controllers and fail-closed solenoids for safety
purposes. The bottom pathway provides air to the cathode line, down-stream combustion
can overflow, and a slight path to the anode line for partial-oxidation air. Once separated
into their respective flows, the pathways cut through the back of the front panel and into
the nitrogen-purged environment.
The framework used for this system was designed with 80/20 aluminum for ease
of structural support, fabrication techniques, and variation if at all necessary. In a single,
continuous design, the system is capable of housing the entire nitrogen inert environment,
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the flow paths for internal and external fuel processing, heating units, and exhaust
purging of the system. A front panel was created to contain all flow-preparation
components before entering the cellular environment, while an exhaust tray was included
to support any downstream heat dissipation units and all pressure controlling regulators.
General Finite Element Analysis (FEA) methods were used to test the framework of the
system. The results predicted strong resistance up to 5 times the estimated loading
experienced with distributions of half of a ton across the cell-supporting layer, proving
that minimal error caused body forces on the system will not result in catastrophic failure.
With this knowledge, the framework was developed around the sizing of the fuel cell
housing and necessary heating units.

Figure 14: 80/20 aluminum framework for ease of transportation, construction, and
system support.
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The majority of the cylindrical housing body is designed to house the
electrochemical reactions under elevated pressures, though a downstream exhaust region
was incorporated for burning off unutilized fuel through the electrochemical process. The
high-temperature environment conditions of the fuel cell exhaust allow for autothermal
combustion of the hydrogen and methane gasses with the overage of oxygen supplied to
the cathode side of the cell. The inclusion of an additional air flow inlet to the
combustion zone with an array of thermocouple sensors provides a sensible control on
the outlet temperature of the honeycomb-comb design. For both fuel types, the automatic
ignition temperature is roughly 930 K. With exothermic reactions taking place in the fuel
cell region, the exhaust temperature is expected to rise regardless. For operating
processes, as long as the system is held above this temperature, any leftover fuel in the
exhaust should combust prior to exiting the fuel cell pressurized chamber. Figure 15
shows the design of the nitrogen environment with heater components, inlet ports,
dielectric pathways, available concentric encapsulation tubes, fuel cell body, combustion
zone, and exhausting ports.
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Figure 15: Nitrogen environment design with visible flow paths, fuel cell encapsulation,
induction heating elements, and pressurized design.
In figure 15, the flow paths entering from the top-left corner feature check-valves
and access points to obtain in-line flow sensing. Similar in-flow for the inlet points are
located on the entry-flange of the fuel cell pressure vessel. Flow for the anode and
cathode pathways are sent through the heater coils and passed directly into the front
flange, into the fuel cell environment. Cathode air is circulated around the fuel cell area
by directly forcing the flow into the side wall, while anode flow is directed through a
nozzle down the length of the fuel cell. Flow from both sides is collected in plenums
before being mixed into the combustion zone. Exhaust from the combustion zone is fed
out of the vessel through ¾”, high-temp stainless steel into a water-cooled heat exchanger
unit to reduce the temperature prior to entering the open environment. The primary
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requirement of the heat exchanger design is to reduce the internal temperature from 900o
Celsius to roughly 350o Celsius, sufficiently low enough for the pressurized components
to function properly. Exhaust from the heat exchanger is directly fed through a pressure
regulating unit to determine the fuel cell’s operating pressure. This regulating flow valve
runs parallel with an over-pressure valve set to 75 psi, and a hand-operated valve to
relieve the system of pressure if catastrophic failure occurs from pressure expansion.
With the described design, a functional system was capable of being built. To
ensure all parties involved that the system would meet all required standards, appropriate
safety mitigation measures were performed for the system and all components used.
E. Safety Mitigation
Developing a safety review of the system is important to evaluate the numerical
probability of success or failure, along with the thermal affects associated with parts of
this system. This type of evaluation involves defining the system and its operations, the
variable failure method possibilities, and the ways in which certain failures can be
prevented. Calculations that were performed for this safety review of the system are
provided in appendices C, D, and E.
Fuel Supply
For supplying fuel to the system, high-pressure hydrogen and methane tanks are
to be installed outside of the test facility in safety cages and piped into the system,
providing continuous fuel to the test rig. The reason these fuel tanks are located away
from the system is to allow for distance between any combustible components and their
direct point of contact to the rig. Similarly, hydrogen and methane tanks are not able to be
stored on the same side of the facility for safety protocol. Some components of the test
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rig are comfortable running a proper system, though the confirmation of these
accusations is limited for each input requested by the system. Both hydrogen and
methane storage tanks are pressurized to a maximum of 3000 psi, causing it to provide
pressure to the system and create downstream velocity. Previously installed lines are
available for piping in both fuel sources with minimal need for additional setup
requirements.
Nitrogen Input
The nitrogen (N2) for the system is provided from a direct line input built into the
facility. This nitrogen is used as a system purge source that is non-reactive with the
hydrogen rich fuels being used. The nitrogen input to the system is to be used to regulate
both the inert environment and the flush of the piping in both startup and shutdown
scenarios. Nitrogen is a natural gas that makes up the majority of air, allowing it to be a
beneficial inert environment source without containing oxygen that will affect all
reactions. This flow is considered a safe gas that will not cause flammability, oxidation,
or sparking internal to the system.
List of Failures
System Failure may be achieved through a series of separate processes that are
potentially harmful to the operator or the system itself. Some of the high-focus failure
methods that the system may experience are defined by the following:
•

Temperature of Fuel Cell chamber surrounding fuel cell rises above maximum
temperature limit (1150 K).
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•

Fuel Cell neglects to produce any power when operational temperature range is
achieved with fuel flowing through system.

•

A rapid change in exhaust gas consistency with hazardous off-gasses being
released into the ambient environment.

•

Leaks in any of the plumbing components or fuel cell chamber fittings, bolts, or
other vices.

•

Quick variances in power output produced by the fuel cell.

•

Loss of power to the system’s components.

•

Fuel source to system becomes exhausted and/or drops below the operating
pressure output required for the system.

•

Rapid pressure increases in the fuel cell chamber or fuel flow lines that may cause
reverse flow.

•

Failure of an individual plumbing component and/or set of data acquisition
components.
Other failure methods are possible with this test bed system, though most are

either defined by the group as not being considered as dangerous to the system compared
to those that are listed.
Mitigation
To reduce any possible hindrances in the system that would cause damage or
failure to its components, an Emergency Shutdown Procedure (ESD) has been developed
to take place under certain conditions of operation. In order for an ESD situation to occur,
different mitigation devices in the flowlines of the system are capable of being used for
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monitoring the operation process. These devices are capable of either containing any
actions within the system that may damage exterior components or will guide any
severities away from the primary components of the system. Such mitigation techniques
being used to reduce damage to the system include, but are not limited to, the following
list:
•

Check valves attached to the fuel and air flow lines, located prior to each flow
line entering the Nitrogen Inert environment. This contains any back-flow
from occurring to the distance of reaching the fuel tanks.

•

Solenoid valves that are capable of “failing” in either the open position or
closed position for flow restriction and shutoff scenarios.

•

Electrical relays, circuit breakers, and “kill switches” available for opening the
circuit and/or stopping the flow of power to certain components in the system
(solenoid valves and heaters).

•

Thermocouples, pressure transducers, voltage and circuit monitors, mass flow
controllers, and flow sensors are all used for constant monitoring and
evaluation of the system’s integrity throughout the length of a test.

•

Numerous layers of pressure encapsulation with high factor of safety (FOS)
ratings in order to reduce the risk of system ruptures or reverse flow upstream
of the fuel cell.

•

Variations in insulation on heat load sections of the test bed are used to
suppress heat loss from system, allowing for higher packing density of the
nitrogen inert environment.
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•

The use of a heat exchanger downstream of the fuel cell to bring the
temperature of the exhaust gasses down to a non-combustible value, helping
with the process for monitoring the system’s back pressure and purity of
exhaust.

In most cases, failure modes will lead directly into an emergency shut-down
procedure, being an effective solution for the protection of the most important fuel cell
components. This method is defined in the testing procedure section of the document.
Evaluation of the mitigation methods and deducing the severity of a failure occurrence
are documented in the following sections of this report.
Stoichiometric Calculations
This section focuses on determining the stoichiometric combustion of fuel inputs
to system with available oxidation capabilities. In the instance that a build-up of fuel
around the fuel cell instantly ignites, causing a rapid increase in temperature and pressure
respectively, it is important to determine the highest pressure point obtainable to
determine the maximum factor of safety for an individual component.
Through the use of stoichiometric combustion for each individual fuel type placed
into the system, both the recurring temperature and pressure increases can be determined
through the use of the ideal gas equation. The calculations showing the comparison
between these values for certain reactions can be found in appendix C.
Table 5: Stoichiometric equation verification values.
Fuel Type:

Pre-Ignition Temperature:

Maximum Pressure:

Pure Hydrogen

23o Celsius (300 K)

430 psig

49

Pure Hydrogen

623o Celsius (900 K)

198 psig

Pure Hydrogen

823o Celsius (1100 K)

163 psig

Methane

23o Celsius (300 K)

463 psig

Methane

623o Celsius (900 K)

191 psig

Methane

823o Celsius (1100 K)

170 psig

In a realistic condition, the maximum pressure value is most likely not going to be
anywhere near those that are listed for ambient temperatures. This is caused from the
internal combustion cone not initiated until the internal temperature of the system reaches
a value close to auto ignition, ranging around 925 K and above for the given fuel
sources. At this point, the amount of energy required to increase the temperature to that
which is completely combusted is much smaller than that of the ambient temperatures.
Thermal Analysis
The thermal analysis section is used to determine the amount of heat loss from the
fuel cell to its surroundings. This indicates the estimated efficiencies of the thermal fuel
cell chamber and the appropriate insulation types. Through testing, it was determined that
with 0.065 meters of ceramic insulation and 0.1 meters of fiberglass insulation, the
expected heat loss from the inside of the fuel cell to its surroundings is 18.40 W. See
appendix B for more information.

Cell Stress Analysis
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Pressure variance across the length of the fuel cell is capable of causing fractures
in the structure, ultimately destroying the power producing component of the system.
However, if the pressure variance along the length of the cell becomes a serious issue, it
is likely that the fuel cell is experiencing a high-pressure fuel combustion error and that
the chamber should be ready to withstand the reverse flow of fuels through the system. In
this case, the best steps for preparing the system is to include check valves that prevent
any backward flow through the system while also being able to withstand the maximum
pressure produced by the combustion of a certain fuel type. For this system, many
stoppage points have been accounted for in case of component failure.
Stress Analysis for Tubing and Fittings Near the Cell
After detailed stress analysis was performed for the pressurized cell, the next area
of concern, during failure conditions, is the tubing and fittings close to the cell and
heaters. Referring to Appendix D, the concern with the tubing and fittings close to the
cell is how the material will respond to the higher pressures and temperatures. As
temperature is increased for pressurized cylindrical tubes, the material decreases its
maximum allowable stress. Therefore, detailed stress calculations were conducted to
evaluate the effects of temperature on the tubing and fittings near the cell. Factor of
safety calculations were performed based off the stress calculations to verify that the
material being used for the system was adequate for the application.
Through the stress and factor of safety calculations, 316/316L stainless steel
tubing and fittings are acceptable for the fuel cell system. Additional fittings and piping
components of Inconel 600 material feature higher factor of safety values because of their
sustainability and minimal degradation at higher temperature values. The evaluation of
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the plumbing and high-pressure components of this system can be found in Appendices D
and E, highlighting the variation in temperature effects and pressure on each of the metal
types used.
Factor of Safety for Components in the System
In order to evaluate how the system will operate under high-pressure conditions,
the use of Factor of Safety (FOS) calculations are implemented. To determine the FOS
for certain components, the following equation can be used:
𝐹𝑂𝑆 = 𝜎

𝜎𝑦𝑖𝑒𝑙𝑑

[Eqn. 19]

𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑑

In the equation, the σyield is the maximum allowable stress a material can
experience without resulting in plastic deformation. The value σexperienced is the amount of
stress that the system will undergo at a maximum pressure scenario. This value is defined
in section 4.3 of the stoichiometric calculations, the maximum pressure experienced
under a fuel ignition of fuel in the system scenario. Table 4.5.1 shows the FOS values for
each of the pressurized fuel cell system components that will be used in the system.
Table 6: Factors of Safety calculations for components near the pressurized cell chamber.

Component

FOS (Ambient Temp.)

FOS (816o C)

Cell Chamber – AISI 316

7.5

1.2

Cell Chamber – AISI 309

8.0

6.4

AISI 316 Tubing

32

4.32

AISI 309 Tubing

34

22.7

Inconel 600 Tubing

34

5.4

Union Fittings

20

9.47
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Dielectric Fittings

12.5

N/A

Control/Human Interface Design
The human-machine interface, HMI, is a vital component of the experimental test
stand because it will allow for the user to control and monitor the system during test runs.
This capability allows for the user to be in a separate room controlling the system which
increases the practicality of using the LabVIEW software. The department of Mechanical
and Material Engineering at Wright State University provides a senior design project
called the Aerospace Propulsion Outreach Program (APOP) which works with a solidoxide fuel cell. The 2016 – 17 team constructed a sophisticated LabVIEW program which
was a referencing block for how the HMI design of this system was made.
The HMI was evaluated through many series of tests before it was properly
installed for use. Each component of the system and program was tested individually and
all together to make sure each one worked together before using with gas flow.
High Pressure Evaluation
The operation of the fuel cells at elevated pressure points is based on the
environmental conditions of an aircraft at a certain speed and altitude. Because of this,
the testing will be conditional to various pressures. To ensure that the test stand is capable
of withstanding high-pressure operation, regardless of the temperature, the first of many
tests is to evaluate elevated pressures. Without producing power and generating heat for
the fuel cell, both nitrogen and air are capable of being pumped through the test stand,
regulating the pressure through the use of the downstream pressure regulator. Monitoring
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the in-loop pressure transducers ensures the users of the capabilities of the system and
pressure capacity for maximum conditions.
For initial testing purposes, operating both single and stacked fuel cell
configurations require some testing at ambient pressure conditions. These types of tests
confirm the success of the fuel cell test rig, proving that power may be produced through
the means described in the design, safety, and operation manuals. Slight pressure
gradients allow for the appropriate flow through the system while it is set to open with
the downstream conditions. Risks associated with this test configuration drop with an
increase in the factor of safety. The main focus of the experiment however is to be able to
completely test a single and stacked fuel cell configuration in variable pressure
conditions. With operation of the test bed under these conditions, a larger amount of
precautions is made in order to assure a higher amount of safety with the system. The use
of a simplified yet densely packed system allows for optimal operation with decent
factors of safety.
Appendixes B – F discuss many of the methods used for correctly determining
failure points and mitigation requirements for successful operation of this fuel cell
system.
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4. SYSTEM FABRICATION
Using all knowledge obtained in the research and design phases of this thesis, a
system was built under the conditions specified. This process involved finding, ordering
and obtaining, or self-fabricating all of the appropriate parts necessary for completing the
test stand. Early development of the testing structure took place in the labs of Wright
State University until the system was considered safe and complete enough to transition
into the AFRL testing facility. Initial construction took place with the arrival of 80/20
framing. Once the structure was built, other components could be added on to develop the
various subsystems of the overall system. Early development of the framework is shown
in figure 16.

Figure 16: 80/20 framing used to support the fuel cell and other components
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Omitted from figure 16 is the siding of the test stand that is used for creating both
the nitrogen environment and providing structural support to the entry of the system/data
acquisition panel. This siding was made using a mixture of different grade aluminum and
stainless-steel sheeting. As the framework and plumbing for the test stand have been
major focuses for development, designing the electrical models and layout for this project
have also required a generous amount of thought for development. Using similar methods
to other electrical panel designs that were pulled from a variety of projects in the testing
facility, the circuit design incorporated primarily DIN rail mounted junctions to both
provide power to and monitor the outputs of the entire electrical system. The circuit
design took a high priority to ensure that the facility being used was capable of powering
each of the devices in the system. In order for this to occur, few electrical drawing
models that evaluate the separate circuits based off of voltages and the individual power
draws that would be required were made and provided to the facility’s safety group. In
essence, these diagrams were created as professional schematics of the circuits being
built for this system and the inclusion of the limitations for each of the components that
fall in-line with them. Figure 17 shows an example of a 120-volt circuit (what is available
to the testing group) with various limiters that will step-down the power for controlling
purposes.
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Figure 17: 120-Volt circuit design to classify components and their power requirements.
Defining the sizing requirements for various instruments and/or piping affiliated
with the test stand is important for integrating different parts into the same system. This
involves proper make-ups of the drawing files used in fabrication, the full-scale models
generated in SolidWorks (as shown on the last update review), and regular physical
model overviews by the testing group. For example, sizing all plumbing components such
as fittings, tubing, flow capacities, and entry points on various parts of the system is
performed to ensure a smooth fit during assembly. The flanges of the fuel cell pressure
vessel for instance required appropriate modeling for alignment of fabricated components
received from ATREX Energy. This modeling was used to define locations for holes to
be tapped then threaded with a dye set, being a very precise and tedious process. A model
used for fabrication purposes of a stainless-steel flange is shown in figure 18.
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Figure 18: Fuel cell pressure vessel flange design for fabrication of pass throughs.
Once fabricated, these parts are either fitted with the necessary subcomponents or
directly integrated into the test bed’s framework. By utilizing the initially proposed
models designed in SolidWorks, the front panel was populated with listed components in
their respective positions. With left-over space available on the front panel, to reduce
clustering of electrical components, the low-voltage control circuit box was attached to
the lower right corner. This circuit box is used to operate the logic of the system of the
front panel with access porting on its side and back. This initial layout is briefly shown in
figure 19, while figure 20 shows the developing rear side of the front panel of the system.
The rear side of the front panel exploits the locations of pass-through holes for additional
plumbing to the nitrogen environment and electrical porting to each of the components on
the front.
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Figure 19: Populating the front panel with electrical components and flow valves.

Figure 20: Rear-side wiring of the front panel components.
Reasoning for placing all electrical wiring on the rear side of the front panel was
to remove clustering of individual components and piping, while also making the system
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appear cleaner to users that may operate it. The mass-flow sensor hub, shown in figure
20, was also mounted to the rear-side of the front panel.
Broken into 6 separate circuits using a range of voltages from 120 V – 480 V, the
source wiring is fed directly over the system and dropping down into the electrical box,
splitting the wiring up appropriately to feed it to each the required components. As the
two induction heaters both require their own individual 208-V lines to be dropped to the
system, the lines are fed into the electrical box and into the test stand’s internal circuit
management system, then are fed directly to the heating units. This allows the input
conditions to be monitored/varied with higher precision than running a line directly from
the source without using the circuit design. Electrical development of the system has
included wiring in the voltage drop-down points to control the system, ranging from the
480-volt chiller system, to the 5-volt switch points of the solenoid valves. Though the
higher voltage components are wired in directly to the lines that are connected to the test
structure, they do pass through a variety of shut-off switches and fuses to protect both the
components themselves, as well as the in-house circuit that is being provided. The lower
voltage box is much more complex, though all components have been mounted to DIN
rails to increase uniformity of all active measuring devices. This box is shown in figure
21 as all voltage transformers, relays, and logic devices are arranged in an orderly
fashion.
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Figure 21: 24-Volt circuit box development for logic and sensor control.
Access to these controllers for computational purposes is sent directly through the
rear-side of the box and into a computer unit to be evaluated through the system’s
computational logic. The computational interaction with these components is shown
through the LabView HMI developed specifically for this system based on operation of
components and overall testing strategy.
Additional to plumbing and electrical development of the system was heater
evaluation and insulative method testing. Two 15-kW, mid-frequency induction heating
units with 0.53 m coil-heating lengths and custom voltage-regulated power controllers
were purchased from Across International with a chiller system capable of supporting
both heater units and heat exchanger unit. These heaters were designed to operate from a
220-V power source with a maximum amperage capacity of 35-A, though power
provisions from the testing facility limit the input voltage to 208-V and maximum current
of 20-A. Testing of the heaters proved very effective as minimal input (less than half of
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the heater’s capacity) was produced internal temperatures above 1125 K, though testing
did take place in stagnant flow conditions. With the inclusion of additional insulation
between heater coils and the piping, these temperatures can be met and held at faster rates
for longer periods of time. Total testing time before integration onto the testing stand was
periodic for maximum heating inputs in 5-minute intervals.
Insulation methods have been tested for providing the highest heating capacitance
for the interior of the pressure vessel. Using ceramic and fiberglass insulation, both rated
for the high temperature ranges being experienced, the interior high-temperature stainless
steel pipe has been packed and supported completely to create concentric tubes to support
the fuel cell vessel chamber. Reasoning for this design strategy was to reduce the
temperature of the exterior shell held at pressure while the interior layers would be
capable of withstanding the high temperature thresholds. The design of this insulative
layering is shown in figure 22.

Figure 22: Internal insulation layers of the pressure vessel, shown from a front-end view.
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With the inclusion of this insulation, no additional support methods need to be
used to create a concentric effect of the pipes used to house the fuel cell bundles. This
design also allows the user to easily insert and remove the fuel cell system by sliding
on/off the front flange of the system. Porting for the pressure and temperature monitors of
the system were included on both the front and rear flanges of the vessel to provide
accurate monitoring of the processes taking place within the system.
Continual development of the primary system components such as plumbing to
the vessel and from the exhaust occurred until the system was able to be transported from
the Wright State labs to the AFRL testing facility. Though much of the test bed was inplace prior to transportation, much of the required infrastructure was incomplete.
Additionally, components leading up to the system from the input sources as well as
components trailing from the system’s output to the exhaust port were unassembled. Post
transport’s focus was to integrate the leftover components onto the test stand and begin
preliminary testing of the pressurization, system simulations, and all non-heating
elements. To perform this testing, the complete tubing loop for the system was required.
This also involved setting up a path line for both inlet/exhaust tubing to follow, along
with the electrical wiring to operate the system.
To create the path line for inlets and outlets of the system, a cable tray archway
was built using Unistrut and appropriate fasteners capable of securing both tubing and
electrical cables to itself. The archway was attached from the test-facility’s framework to
the introduction corner of the test stand as intended in system drawings. Tubing was
routed along the length of the facility’s framework to inlet ports for all required gasses.
Electrical wires are routed from the facility’s electrical panel to each of the 4-test
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structure’s safety switches, featuring a single 480-Volt line, 2 separate 208-Volt lines,
and 2 single 120-Volt lines. These safety switches are attached to the facility’s structure
using Unistrut components like those used to build the test stand’s archway. The
electrical cabling is then passed from the safety switches to the test stand’s high-voltage
electrical boxes through the same archway used for gas flow to and from the system.
Figures 23 and 24 show these structures assembled as described.

Figure 23: System connecting archway development.

Figure 24: System's electrical switches in close proximity to test structure.
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Additional parts of the assembly that were completed include developing the
nitrogen environment, fabricating piping structures and combustion components, setting
up the flowlines for the chiller system, creating a successful pressure seal of the system’s
plumbing, and testing electrical components for successful operation in the new facility.
Finishing the nitrogen environment for testing involved obtaining and creating “easy
access” epoxy panel doors, adding the extension panels for the dielectrics, and sealing the
entirety of the environment while also providing circulation units for even distribution of
the inlet nitrogen. This process involved fabricating pressure-sealed hinge points for the
doors with magnetic pucks, obtaining additional 80/20 to create an extension to house the
dielectrics while supporting the inert environment, sealing all siding with weather
stripping, and mounting circulation fans to specific locations in the environment. A full
purge is considered to be less than 5% oxygen content in the air for this experimentation.
Additionally, isolation of the heating coils from the environment was necessary to
prevent any discharge of the operating current. Images of this development is shown in
figure 25.

Figure 25: Nitrogen environment development around the fuel cell vessel.
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Preparing the chiller system flow line management required the use of variously
sized tubing and water-tight sealing methods. The chiller unit is standard with 3-flow
inlet and outlet ports, pumping cooling water at a rate of 35 L/minute. One, large
inlet/outlet port is used to provide cooling water to the downstream heat-exchanger unit,
designed and obtained by Power Plus International based on the set parameters defined in
the design stage of the project. The heat-exchanger’s tubular construction uses numerous
recirculation flow tubes through a large cylindrical vessel, allowing cooling water to flow
around the outside of the internal tubes. The design of this heat exchanger is shown in
figure 26.

Figure 26: Downstream heat exchanger design for exhaust cooling.
With the larger of the three flow ports from the chiller system partitioned for the
heat exchanger, the two smaller flow ports are used for cooling the heater systems and
induction coils while also acting as a current transport. The chiller system is closed loop,
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recycling all water through the system. Figure 27 shows the water-cooled system flow
paths for the heat exchanger and both heater units.

Figure 27: Cooling water system for all heat-exchanging devices.
Sealing of all pressure-tight components required finalizing the path lines. To
completely regulate the operating pressure of the environment, the downstream
construction for exhaust flow was the most critical feature. The described exhaust design
incorporating three separate flow paths was created with the primary pressure controller,
an overpressure valve to account for high rate of internal combustion, and a bleed-off
valve to regulate the pressure down to ambient after the system has been settled.
Additional pressure regulation comes from using certain flow paths appropriately,
regulating all input gasses to the correct value, and adjusting flow controllers to work at
the correct rate. Holding the pressure of the cell at a uniform value during warm up,
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steady-state, and shut-down modes is very import for keeping the integrity of the cell at
its peak. Figure 27 shows the downstream flow unit and its separate path lines.

Figure 28: Downstream exhaust flow path design.
Developing the heating section for successful heat transfer with the 5-loop
cathode line wrap required creating U-shaped loops with 90o-corner fittings to together.
Because of sizing constraints, the loops were required to pass through both anode and
cathode coil wraps, 3 passes through the cathode line and 2 passes through the anode line.
This also allows a single pass of the anode line through the heater length which is capable
of reaching the desired input temperature at the flow rates being used. To ensure that the
heaters are maintaining the appropriate temperatures during operation, two
thermocouples are located around the exit points of both heater lengths for the anode’s
single pass through and the cathode’s 5-loop system. Additionally, large quantities of
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both ceramic and fiberglass insulation is used to contain as much heat as possible through
the heater section, into the vessel, and out through the exhaust. To reduce radiative heat
transfer from these systems, aluminum foil acts as both a containment wrap and a thermal
insulator. Large amounts of these insulative layers are also placed around the exterior of
the vessel to contain heat within the structure. The thickness of these layers is based on
calculations performed in the design portion of this thesis. Figure 29 shows the layering
of this insulation around the induction coils and pressure vessel.

Figure 29: Insulation placed around the heater coils before flowing into the vessel.
With all components placed together to create a continuous system without any
holding points, the system was tested for leak points. In this process, the system was
raised to an internal pressure of 500 kPa initially to calibrate the overpressure valve, then
reduced to 400 kPa. All flow paths into the system were then closed to contain the
pressure in the system. Using the monitoring software to evaluate the pressures at this
point, a process of “snooping” all compression fittings was performed. This process
required a foaming agent to be sprayed on all potential leak points to test for pressure
losses. If a pressure loss was detected, that leak point would either be refitted, replaced,
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or sealed with another alternative mechanism. A high-temperature stainless-steel putty
formula was purchased as a leak-reducing mechanism for poor front flange sealing points
as a result of fabrication issues. Depending on the requirements of the system, as long as
there are not any leak points to the outside environment, the system is considered to be
leak proof. Rigorous pressure testing was performed to reduce the leak rate from an
initial 25% per hour to 6% per hour. After snoop detection was performed, it was found
that the majority of remaining leakage from the system was a result of gasses passing
through the pressure regulating valve in the downstream, considered to be allowable for
the testing performed.
Simultaneously, each of the components in the system were being tested for
functionality and limitations using various LabView programs made for active
communication with all system components. To operate the LabView program, a
monitoring station was fabricated to be located a minimum of 5’ away from the front
panel. This monitoring station features controls for complete system shutdowns, toggling
the circulation fans in the nitrogen environment, and operating the main LabView
program for the system. The real-time system management using the LabVIEW software
has been a continual focus since the project’s origin. As functional testing of the fuel cell
environment finalized, validation of the built-in fail safes for the system took place.
Primarily due to fluctuations in temperature or pressure read by sensors in the system,
various adjustments can be made to the point of closing flow valves, cutting load current
from the system, and reducing internal pressure of the system. All of these fail-safe
implications were designed to act as safety mitigation tools for protecting the system’s
primary components. Initial system capabilities required meticulous input from the
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operator to ensure that could perform all required steps without falling out of the
boundary limits. Additionally, the user would need to manually input the majority of the
setpoints both prior to and during system operation. Though this is allowable, the chances
of human error during this process were high. To address these issues, the system evolved
towards autonomous control to alleviate the operator’s responsibilities during system
operation. This required creating several interlocking functions, common local variables
that could control numerous inputs, proportional-integral-derivative controller (PID)
loops to maintain system setpoints, and overall simplifying the system’s appearance so
that a shift in operating staff could be effortless. Introducing interlocking functions
removes the possibility of the operator adjusting a set value of the system outside of the
required bounds, i.e. user error, or even potentially diverting the system from one testing
type to another mid-operation. Additional adjustments were made for access permissions
of certain functions in each state, allowing the system to either shut down or remove
certain inputs such as heater power, load settings, and individual flow patterns depending
on the process taking place.
A system test is based around 4-separate states: Initialization, Warm-Up, Steady
State, and Cool-Down. The controlling setpoints have been based around these states, as
well as including states for Cold Idle, Emergency Shut-Down (ESD), and Manual
Override. There are several primary functions that each state performs, most of which are
dictated by the Standard Operating Procedures (SOPs) listed in appendix A. The
initialization is performed to reset all values into the system and initialize communication
ports to flow controllers, load cells, and data acquisition cards. The following stage, cold
idle, requires the operator to set the system’s internal pressure, flow into the electrical
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boxes, and flow rates into the anode and cathode lines. Additionally, the system won’t
allow the operator to change states until the oxygen content in the environment is lower
than 5%. Once these steps are complete, the operator may begin the Warm-Up stage,
which automatically starts operation and ramping of the heater inputs for both the anode
and cathode lines independently. Until the input temperatures of each line reaches
activation temperature for ignition in the combustion zone, the option of allowing fuel
flow into the environment is locked out. Once these conditions have been met and
sustained, the steady-state operation is available. In this state, the fuel flow into the
system is ramped up from zero while the purging nitrogen is ramped down. The rates in
which they are ramped varies depending on the type of test being performed, methane or
hydrogen. Once at its desired setpoint, the load applied to the fuel cell is either
automatically increased or decreased to test the capacity of the fuel cell production within
it’s set limitations. A full system test continues for 90-minutes until the point that the
operator chooses to proceed with the cool-down state. This state reduces the loads on the
cell to zero, removes the heating input, reduces the system’s internal pressure, and once
below the ignition temperature will change its anode flow back to a full-purge state. If
necessary, additional states such as the ESD and Manual Override allow the operator to
completely disengage the load and remove the heating inputs while purging the system or
completely take over all system components, respectively.
During any of these tests, the only input that is required by the operator is to
adjust the input flow rates, set the input pressures, and acknowledge/set the change in
states for system tests. If necessary, the operator is also capable of changing the system’s
boundaries in various data dictionary documents. In the system’s operation panel, the
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operator is capable of changing the tolerances around each of the setpoints during a test.
This requires locating and correcting the constants that are controlling these ranges,
though they are fairly easy to come across.
The system uses a continuous while-loop function to develop it’s PID values.
These PIDs vary the step size for heater input adjustment and load cell response. The
loop also controls the refresh and data save rates for each of the temperature, pressure,
and mass-flow rate outputs being monitored by the system. Each of the outputs are linked
with an active timer that stores each file as a tab-separated text and can be imported into
excel at a later time for simple analysis. The save point system uses the local variable
method mentioned in the previous pages of this update, making the updating cache
complex for each iteration of the program. However, the update process replaces all
output data on each iteration after storing in the save location, allowing the program to
operate smoothly without storing unnecessarily large amounts of text data.
Development of the front panel has focused on making the operator aware of what
is happening within the test and what kind of error may occur if one takes place. Because
of this, many functions are made visible and invisible based on the type of test occurring
and could appear and disappear once certain interlocks are met. Figures 30 and 31
highlight the controls interface for the main operating program.
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Figure 30: Front panel view of the LabView program’s sensor monitoring.

Figure 31: Front controls panel, giving the operator either full or minimal control.
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With the inclusion of all defined parts, appropriate fabrication techniques, testing
of plumbing and system controls/monitoring, the system would be considered complete
enough to move onto the testing approval and preliminary systems operation stages. The
AFRL facility’s safety committee played an active role in addressing any potential
hazards or dangerous operating methods that were proposed early on in the project. To
receive the approval for system operation, a walk-through showcasing safety features and
methods of operation took place. Requirements before this walk-through included full
assembly of the system and removal of any unsecured objects. Final assembly steps
required installing any remaining insulation to the heated components of the nitrogen
environment, sealing all electrical system boxes and through ports, installing new and
calibrating old flow controllers, and properly grounding the system from any possible
electrical discharging. A final assembly of the testing system is shown in figure 32.

Figure 32: Final assembly configuration (lacking insulation).
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5. SYSTEM TESTING RESULTS
After successful completion of all safety analysis walkthroughs, preliminary
system operation was approved by the safety committee. This approval allowed testing to
occur for preparation of fuel use. Operating the heater units with flow passing through the
internal piping at both ambient and elevated pressures to determine the expected
timeframe for system warm-up and cool-down was not something performed prior to this
step and needed experimental validation to justify the design stage. Simultaneously,
further improvements for testing the HMI and sensor validation could take place.
The start of thermal gradient testing resulted in long-term temperature stagnation
at low profiles, not meeting any of the set requirements from the design phase. Issues
with electrical overpowering of the heater units caused failure of both in-line fuses and
circuit breakers numerous times before the highest setpoint for both heating units was
determined. Through continual input-output testing, it was found that the heater
regulating voltage had to be set to a maximum of 60% to reduce the possibility of
electrical shutoffs during a test. Operating off of the 208-V input, even with the loading
setpoints being at 60%, the heaters operated at less than 50% of their design potential.
Rebuilding the system for continuous testing allowed further evaluation of the
temperature gradients to be made. Thermocouple sensors were transferred around to
better monitor the system after these catastrophic failure events. After placing
thermocouples directly at the outlet of the heater section, the LabView programming was
adjusted to prevent any damage to system components during operation from heating
effects. The resulting temperatures of a 3-hour heat-up test for a single cell flow rate
system are shown in figure 33.
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Figure 33: Resulting temperature outputs for an extended heating test of the system.
System results were showing that there were a few problems with the initial
heating setup. The first of these problems is that the amount of heat transfer between the
heating tubes and the actual working fluid itself was not as efficient as intended.
Maximum anode temperature for the heated tube would usually hover around 800o C
with similar values on the cathode heater lengths, though the maximum fluid temperature
at the inlet of the vessel for either side was not capable of increasing over 350o. This
brought up a concern for the insulation layering used for the system as there may have
been a certain amount of heat loss taking place radiatively over the testing process. The
biggest concern was the issue of heater input losses. Though the use of induction heating
units increased the heater power density based on the amount of space allowed, finding
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an arrangement for the optimal coil position and tubing locations inside of those coils to
absorb as much of the eddy-currents as possible was a challenge. Discussion with the
production engineers from Across International resulted in a few ideas for increasing the
maximum heater potential, though the efficiency for heating the pipes with the induction
coils only resulted in roughly 10% - 20%, much less than anticipated for these units.
Using this knowledge, the incorporation of additional heating devices was made.
High-temperature heating tape was first obtained in a 4’ by 0.5” sizing and placed around
the tubing leading into the cathode heater length to provide 627-W of preloading power
to the flow passing through. Additionally, 1/16” capillary tubes were obtained to be used
as “filler” on the inside of heating sections to increase heat transfer from the piping to the
working fluid. The inclusion of all new heating mechanisms results in a higher output
temperature from the heating units into the fuel cell environment, though the overall fuel
cell temperature is required to reach a minimum of 600o Celsius before electrochemical
interactions can be supported. After adjustments and inclusion of new heating elements,
thermal capabilities still continued to fall short of their requirements. Figure 34 shows the
maximum temperatures achieved towards the end of a 12-hour heating cycle.
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Figure 34: Temperature output capabilities for system with heating tape inclusion.
From this point onward through the rest of the testing period, active work towards
improving thermal capabilities of the testing system was the primary concern. After
numerous iterations of testing, construction and deconstruction of the environment and
plumbing, changes in sizing of tubing and flow capacity, and a recurrence of heat transfer
calculations, the system reached its maximum potential but was incapable of testing fuel
cells and producing electrical power as it stands. A new team of developers will need to
readdress the project after new funding is obtained as the current funding source is no
longer an option with ATREX stepping away from the industry. Future testing of the
system is possible as the structure is in the possession of Wright State University faculty.
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To increase the operation of the system in future tests, a few key issues need to be
resolved: increase in heater power potential, repackaging of system’s insulation layers,
and potentially shifting some priority valve locations. At the beginning of the system
development, it was known that the maximum heater potential would be limited based on
the amount of facility power available. Towards the end of the testing phase, efforts to
increase the electrical service for provisions to the system were discussed though few
steps were made to make this possible. With more time and funding, this feature is
considered the most important step for creating a larger amount of heat transfer to the
inlet of the vessel. The current electrical service is capped at a 208-V, 20-A potential,
though the service upgrade necessary for successful operation should bring the lines to
208-V, 40-A service. This requires upgrading the electrical lines to the system to a higher
gage, installing larger circuit breakers in the facility’s infrastructure, and getting safety’s
approval for operation of this system with the newer upgrades.
A second issue is to replace the numerous layers of insulation on the system. Over
time, each of these insulation layers will break down, reducing the thermal resistance as a
result of heat cycling at high temperatures. The primary area of focus is both around and
inside the fuel cell pressure vessel as most of the insulation in this area has not been
adjusted since the beginning of the system’s construction. The last key area of
improvement is the relocation of valves flowing in and out of the system. The primary
concern is the downstream pressure regulator. Though the temperature capabilities of the
valve itself fall in the safe zone, some noticeable issues like screen discoloration and
over-heating took place at random times in the testing cycle. Further investigation into
these issues must occur before testing of the system can continue.
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6. CONCLUSION
Hypersonic vehicles offer promise as a platform to support rapid response
missions worldwide. However, hypersonic vehicles have difficulty producing onboard
power with traditional generators due to their use of supersonic combusting ramjets
(scramjets). These engines do not have rotating shafts capable of operating generators for
supporting advanced electronics or other auxiliary power-dependent devices.
Additionally, hypersonic vehicles require elaborate thermal management systems to
combat air temperatures greater than 1050 K. A proposed efficient solution for producing
electric power for the vehicle in this challenging environment is to incorporate tubular
Solid Oxide Fuel Cells (SOFCs), capable of generating high quantities of power through
the use of stack formations with methane fuel.
When provided with controlled inputs, SOFCs are capable of generating large
power-density loads using naturally occurring hydrogen-based fuel sources, operating for
numerous years at a time with minimal degradation effects. Conceptually, it has been
shown that a 1 MW fuel cell power source can be integrated onto a scramjet-engine
powered hypersonic vehicle with the inclusion of necessary flow processing methods.
Work on this thesis focuses on the incorporation of a usable micro-fuel cell stack capable
of producing the indicated power at high Mach conditions. This process required the
design, fabrication, and construction of a small-scale testing system that is capable of
supporting both single cell and stacked cell operation under various pressure and
temperature loadings. The capability of testing a stack of SOFCs at both elevated
temperature and pressure conditions with various natural fuel sources has become a
sought-after capability by many energy productions affiliates.
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This project resulted in an advancement of knowledge regarding a physical test
bed for SOFCs in terms of both its design and operation. The difficulties associated with
obtaining the required temperature conditions proved to be the toughest challenge,
preventing the rest of the system from operating as it was designed to. Though the
induction heating units used to supply heat to the system were rated for much larger
thermal inputs than required, the lack of sufficient transfer of eddy currents through the
heated material proved to be the limiting factor. Further investigation into induction
heating optimization methods is a starting point for future project researchers. Possible
upgrades to provide the needed heater capacity include the use of internal fuel-cell
environment heaters. An example is the use of an internal clam-shell heater to warm the
fuel cell section of the pressure vessel, in place of the thick ceramic insulation in between
pressure vessel pipe layers. This action could provide rapid heat generation of the system
while also maintaining a stronger thermal balance of the primary elements, further
mimicking actual testing conditions for hypersonic applications.
Though the actual heating requirement for the system is low in most if not all
cases, successfully transferring the available electrical power into heating the fluid for
this single-pass system requires further analysis. The use of various heating length
arrangements and configurations showed that the most optimal heating design is to use a
multiple-loop system such as the 5-loop cathode line tubing as this resulted in the best
heat transfer to the fluid. Similar analysis should be performed for other tubing
geometries and lengths, with an increase in the complexity of the model. This would
involve propagation modeling of the heater sections using real performance values for the
induction heater capacity. Successful thermal modeling could lead to locating the
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system’s weak points, understanding where the very large electrical losses are taking
place, and accurate assessment of the current means of heating the system.
Overall, the information gathered from this research supported the use of a highpressure, elevated temperature environment for testing SOFCs with both heating and
cooling capacities for various working fluids. The lack of actually testing fuel inclusion
flow methods, fuel cell loading efficiency, and pressurization effects on the cellular
structure leaves a significant number of variables to be explored. Though some previous
research has been performed for operation of SOFCs at elevated pressures, the
application of this research has been extremely limited despite the knowledge of stronger
operating efficiencies. With the current system developed in this thesis, the additional
effort required to achieve complete testing conditions and produce desired results is
expected to be reasonably minimal. This leaves future researchers with an overwhelming
amount of potential for variable environment and reliability testing of SOFCs for both
single and stacked formations. The ability to incorporate these cells into aerospace
applications while transitioning naturally occurring resources from storage to combustion
increases the importance of this technology significantly. The Air Force Research Labs
(AFRL) has shown heavy interest in the progression of this research for hypersonic, fuelhandling, energy-production, and thermal management. With appropriate development,
SOFC integration with hypersonic vehicles could occur in the very near future.
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APPENDIX A: Operations Manual for SOFC System
The procedure outlined below is to be followed for single cell testing in the highpressure vessel.
System Thermocouple Locations
TC 1
Anode Line Ambient
TC 2
Cathode Line Ambient
TC 3
Combustion Line Ambient
TC 4
Heated Anode Inlet
TC 5
Heated Cathode Inlet
TC 6
Fuel Cell Front
TC 7
Fuel Cell Middle
TC 8
Combustion Can – Middle
TC 9
Combustion Can – End Side
TC 10 Combustion Can – Exhaust
TC 11 Combustion Can – Front Side
TC 12 Combustion Can – Flame
TC 13 Anode Heater Outlet
TC 14 Cathode Heater Outlet
TC 15 Dielectric Fittings
TC 16 System Exhaust, Post HX

Test 1 – Cell Performance Evaluation Using Hydrogen
System Initialization
1. Perform walk-around inspection of system.
Fuel tanks are at sufficient pressures for operation (> 500 psi), insulation is in place, Nitrogen and
shop air lines are open, and electrical connections to the system are in place.

2. Place the 120 Volt and 480 Volt shutoff switches in the “on” position.
These boxes are labeled as NFS496-13 and FS496-10, respectively. The 208 Volt boxes are labeled as
NFS496-11 and NFS496-12.

3. Turn on and initialize the Chiller System. Set the chiller output temperature to 10o
Celsius and turn on the water pump and chiller components.
Because this system is stand-alone from the rest of the controlling unit, it must be controlled through
the PID unit on its front panel.

4. Turn on both of the heater unit’s shutoff switches.
This is triggered by ensuring the safety switches, the built-in breaker switches, and the switches on the
front of each unit are in the on position. If either heater unit does not turn on at this point, the in-line
fuses may need to be replaced as they are prone to shorting out. There will most likely be an alarm for
each heater telling the operator that not enough chiller water is flowing through the unit.To fix this,
the valve controlling the output water from the chiller to the Heat Exchanger needs to be pushed
towards the closed position. This will allow more water to flow through the heater circuits, bringing
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them into a safe operating flow condition (the alarm sound will cease). Once the alarms have turned
off, the valve for the heat exchanger should slowly be opened to allow for flow back through this
circuit.

5. Turn on the system computer and initialize the Main.VI LabVIEW Program.
If any auxiliary testing needs completed prior to this step, open the specific sub-VI programs to do so
from the available list. The Main.VI LabVIEW program can be found on the computer’s desktop in the
LabVIEW file. The main program is under the folder “Main – FINAL”, and will be the latest version of
the program.

6. Check the location of the save files for the type of test taking place.
The control panel of the Main.VI features the locations of both the Data Dictionary documents for
generating system setpoints as well as the .txt document for saving purposes.

7. Perform initial sensor testing using the Main.VI program.
If sensors do not initialize for the Main.VI program operation, the program NI Max (National
Instruments Measurement & Automation Explorer) for card operation and instrumentation control
should be opened. In this program, the left toolbar will show “My System”. Select “Devices and
Interfaces” > Network Devices > NI cDAQ-9189 “cDAQ9189- 1D196E8”. Under this option, select
the Self-Test function. The module cards below it will initialize at this point and allow the user to
collect data.

8. Pressurize the Air and Nitrogen input lines (R3 & R4) at least 20 – 25 psi above the
system’s operating pressure.
Depending on the type of test performed, it is important to supply the appropriate fuel line with a
similar pressure as that for the Nitrogen line. To do this, open the Nitrogen and air regulators until
they reach a set pressure capable of supplying enough flow rate through the system.

9. Open the air line to the electrical boxes (R5) so that a minimum of 10 psi gauge is
applied.
10. Set the Hydrogen line pressure (R2) at least 20 – 25 psi above the system’s
operating pressure.
Example: If the system is operating at ambient conditions, the regulator for the Hydrogen line should
be set to a minimum pressure of 25 psia. It may take a certain amount of time for the fuel lines to reach
this pressure as the tank is located about 200 feet away from the system, so the operator must consider
this prior to flowing Hydrogen through the system.

11. Select the Run function on the Main.VI program.
12. In the Main.VI program, set the Anode Flow to 2.6 SLPM and the Cathode Flow to
30 SLPM.
The amount of in-line pressure may need to be increased to account for the change in flow rates
through the system. The appropriate rates to use during fuel testing are 2.6 SLPM on the anode and 30
SLPM on the cathode.

13. If the system is operated at an elevated pressure, change the DPC (Downstream
Pressure Controller) to the desired setpoint for testing (control units are in psia).
If not, disregard step.
Because both the anode and cathode lines are open in the end, pressure differences between the lines
are not necessarily required for adjusting prior to the flow controllers. As long as enough pressure is
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supplied to meet the required flow rates at specified downstream pressure, no additional entry
pressure is required.

14. Return to the control system to ensure that the sensor setpoints are in good standing.
There are 5 separate Data Dictionary documents created to place the driving setpoints for each of the
states of a system test: Initialization, Warm-Up, Steady State, Controlled Shutdown, and if necessary,
ESD (Emergency Shutdown). Each contains data for setting the maximum values of each thermocouple
and pressure transducer in the system. To adjust these values, each of the documents can be found in
the computer’s LabVIEW file under a separate folder labeled “Data Dictionaries”.

15. Ensure that the testing environment is held at 5% Oxygen content or less.
16. Turn on the circulation fan in the environment (should be on already, switch is on
back) and the cooling fans (switch by computer keyboard).
17. Once ready, proceed to the next stage of testing.

System Warm-Up
1. Once all previous conditions and setpoints have been met, the switch “System WarmUp” will be available. Select this option.
The heaters will begin warming up the flow through ramping of the controller input. The program is
set to increase/decrease the input according to the output temperatures of thermocouples 4 -7. The
heaters will continually ramp their input until thermocouples 4 - 7 read greater than 650o Celsius.
These thermocouples are directly along the length of the fuel cell in the pressure vessel and will dictate
when the system is ready for fuel introduction. The controls for the heaters are independent due to the
variance in flow rates. The system is designed to change their heat up rates at different speeds, though
it may take a few tests to determine the best ramping rate until the system accurately presents the
correct temperature outputs.
If the heater output does not recognize any power to the system (thermocouples 4 – 7 do not see any
change in the input temperature), wait for the input voltage to ramp up further. If the system doesn’t
experience any temperature changes once the setpoints of the heaters have increased more than 1 volt
on each side, consider using a controlled shut-down and finding out the issue for the system.

2. On the control panel under the “Test Sequence” box, set the number of samples to
500.
Depending on the speed of the change between flow rate setpoints, the larger number of samples will
take longer than a smaller amount of samples. An acceptable range to work with falls between 100 and
1000.

3. Once 650o is met on both sides of the cell and into the combustion can (TCs 6, 7, 8,
10, and 12), the anode flow control should be changed from “Purge” to “Hydrogen
Test”.
This program will change the flow rates through each of the two mass-flow controllers equally so that
the system maintains an equal flow rate through the anode side of the cell. Though the temperature is
still below activation for the fuel cell to generate electrochemical reactions, the downstream
temperature for flow through the system is larger than the auto-ignition temperature of the fuel and
will burn-off all unreacted fuel. This will also assist in heating the system towards the end of the cell
length.
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4. Check the initial setpoint of the combustion-air flow controller (MFC4). Its initial
setpoint should be 10 SLPM.
The downstream combustion air mass-flow controller is set to regulate its flow rate based on the
temperature of thermocouples 9, 10, and 16. If the temperatures experienced are close to the maximum
allowed, the mass-flow will increase its setpoint in 10 SLPM increments.

System Steady-State
1. Continue monitoring the values of all TCs to ensure that they do not exceed their
acceptable maximums.
Once TCs 6 & 7 reach ~725o C and above with fuel flowing through the system, the load cell voltage
will begin increasing. Once the output voltage reaches a value > 1.05 V, the current load will
automatically increase in 10-amp increments over 2-minute intervals. This will continue increasing the
current value over both load cells until a maximum of 90 amps is approached. During this time, the
cell voltage output must not drop below 0.55 volts to prevent damage to the cell.
The temperature of the cell environment (determined by thermocouples 4 – 7) needs to be maintained
in the range of 750 – 825o Celsius for optimal power generation. If the cell temperature exceeds or
falls short of this range, the voltage generated by the cell will decrease and potential damage to the
cell may occur.

2. If the voltage generated by the cell drops below 0.4 V during the main loading stage,
THE CELL LOAD MUST BE DISABLED IMMEDIATELY.
An interlock in the system will trigger an ESD if this occurs.

3. Once the load is at its maximum amperage, a full system test requires operation for
90 minutes.
This time counter is not included in the system but must be noted by the operator using either a
separate device or the system timer.

4. Once either the full time has passed, the operator can select the “Controlled
Shutdown” function if not activated by the system on its own.

Controlled Shutdown
1. Monitor the values of the system after selecting the “Controlled Shutdown” function.
The fuel cell load setpoints will automatically begin decreasing at the same rate that they increased for
the beginning of the steady-state operation, 10 Amp decrements over 2-minute intervals. This function
will proceed until the voltage of the fuel cell reaches roughly ~1 Volt on both loads.
The system will maintain steady flow rates and heating inputs while reducing the backpressure of the
system through the Down Pressure Controller (DPC) setpoint. If the system is already operating at
ambient pressure, this step of the operation is omitted through basic system logic.
The heater input to the system will reduce to zero, allowing the cell to cool down. Once TCs 6 and 7
reach 600o Celsius, the flow rate of Hydrogen will begin ramping down to zero while Nitrogen begins
purging the Anode line.

2. Continue allowing the system to purge at the same flow rate until the temperatures of
the heating components reduce to ambient (~25o Celsius).
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3. Reduce the mass flow controller setpoints to zero for those that are still active.
4. Reduce the inlet pressures of regulators 2, 3, 4, and 5.
5. Turn off the Main.VI.
Note the saved data location for post-test analysis.

6. Place both of the 208V and 480V electrical shutoff switches in the “off” position. If
completed with the computer data transition, place the 120V shutoff switch in the
“off” position.
7. Adjust any components of the system to their initial states prior to completing any
additional tests.
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Test 2 – Cell Performance Evaluation Using Methane
System Initialization
1. Perform walk-around inspection of system.
Fuel tanks are at sufficient pressures for operation (> 500 psi), insulation is in place, Nitrogen and
shop air lines are open, and electrical connections to the system are in place.

2. Place all four electrical shutoff switches in the “on” position.
3. Turn on and initialize the Chiller System. Set the chiller output temperature to 8o
Celsius and turn on the water pump and chiller components.
Because this system is stand-alone from the rest of the controlling unit, it must be controlled through
the PID unit on its front panel.

4. Turn on both of the heater units if not completed already.
This is triggered by ensuring the safety switches, the built-in breaker switches, and the switches on the
front of each unit are in the on position. If either heater unit does not turn on at this point, the in-line
fuses may need to be replaced as they are prone to shorting out. There will most likely be an alarm for
each heater telling the operator that not enough chiller water is flowing through the unit. To fix this,
the valve controlling the output water from the chiller to the Heat Exchanger needs to be pushed
towards the closed position. This will allow more water to flow through the heater circuits, bringing
them into a safe operating flow condition (the alarm sound will cease). Once the alarms have turned
off, the valve for the heat exchanger should slowly be opened to allow for flow back through this
circuit.

5. Turn on the system computer and initialize the Main.VI LabVIEW Program.
If any auxiliary testing needs completed prior to this step, open the specific sub-VI programs to do so
from the available list. The Main.VI LabVIEW program can be found on the computer’s desktop in the
LabVIEW file. The main program is under the folder “Main – FINAL” and will be the latest version of
the program.

6. Check the location of the save files for the type of test taking place.
The control panel of the Main.VI features the locations of both the Data Dictionary documents for
generating system setpoints as well as the .txt document for saving purposes.

7. Perform initial sensor testing using the Main.VI program.
If sensors do not initialize for the Main.VI program operation, the program NI Max (National
Instruments Measurement & Automation Explorer) for card operation and instrumentation control
should be opened. In this program, the left toolbar will show “My System”. Select “Devices and
Interfaces” > Network Devices > NI cDAQ-9189 “cDAQ9189- 1D196E8”. Under this option, select
the Self-Test function. The module cards below it will initialize at this point and allow the user to
collect data.

8. Pressurize the Air and Nitrogen input lines (R3 & R4) at least 10 – 15 psi above the
system’s operating pressure.
Depending on the type of test performed, it is important to supply the appropriate fuel line with a
similar pressure as that for the Nitrogen line. To do this, open the Nitrogen and air regulators until
they reach a set pressure capable of supplying enough flow rate through the system.

9. Open the airline to the electrical boxes (R5) so that a minimum of 20 psi gauge is
applied.
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10. Set the Methane line pressure (R1) at least 10-15 psi above the system’s operating
pressure.
Example: If the system is operating at ambient conditions, the regulator for the Methane line should be
set to a minimum pressure of 25 psia. It may take a certain amount of time for the fuel lines to reach
this pressure as the tank is located about 100 feet away from the system, so the operator must consider
this prior to flowing Methane through the system.

11. Select the Run function on the Main.VI program.
12. In the Main.VI program, set the Anode Flow to 2.6 SLPM and the Cathode Flow to
30 SLPM.
The amount of in-line pressure may need to be increased to account for the change in flow rates
through the system.

13. If the system is operated at an elevated pressure, change the DPC (Downstream
Pressure Controller) to the desired setpoint for testing (control units are in psia).
If not, disregard step.
Because both the anode and cathode lines are open in the end, pressure differences between the lines
are not necessarily required for adjusting prior to the flow controllers. As long as enough pressure is
supplied to meet the required flow rates at specified downstream pressure, no additional entry
pressure is required.

14. Return to the control system to ensure that the sensor setpoints are in good standing.
There are 5 separate Data Dictionary documents created to place the driving setpoints for each of the
states of a system test: Initialization, Warm-Up, Steady State, Controlled Shutdown, and if necessary,
ESD (Emergency Shutdown). Each contains data for setting the maximum values of each thermocouple
and pressure transducer in the system. To adjust these values, each of the documents can be found in
the computer’s LabVIEW file under a separate folder labeled “Data Dictionaries”.

15. Ensure that the testing environment is held at 5% Oxygen content or less.
16. Turn on the circulation fan in the environment (should be on already, switch is on
back) and the cooling fans (switch by computer keyboard).
17. Once ready, proceed to the next stage of testing.

System Warm-Up
1. Once all previous conditions and setpoints have been met, the switch “System WarmUp” will be available. Select this option.
The heaters will begin warming up the flow through ramping of the controller input. The program is
set to increase/decrease the input according to the output temperatures of thermocouples 4 -7. The
heaters will continually ramp their input until thermocouples 4 - 7 read greater than 650o Celsius.
These thermocouples are directly along the length of the fuel cell in the pressure vessel and will dictate
when the system is ready for fuel introduction. The controls for the heaters are independent due to the
variance in flow rates. The system is designed to change their heat up rates at different speeds, though
it may take a few tests to determine the best ramping rate until the system accurately presents the
correct temperature outputs.
If the heater output does not recognize any power to the system (thermocouples 4 – 7 do not see any
change in the input temperature), wait for the input voltage to ramp up further. If the system doesn’t
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experience any temperature changes once the setpoints of the heaters have increased more than 1 volt
on each side, consider using a controlled shut-down and finding out the issue for the system.

2. On the control panel under the “Test Sequence” box, set the number of samples to
500.
Depending on the speed of the change between flow rate setpoints, the larger amount of samples will
take longer than a smaller amount of samples. An acceptable range to work with falls between 100 and
1000.

3. Prior to introducing fuel to the cell, make sure the flow rates for the Methane and
Oxygen to Carbon (O to C) are set to 0.25 SLPM and 0.65 SLPM, respectively.
These values are set in the program’s main block diagram and can be adjusted through user input.
These will be the functioning mass flows for a single cell test. Also, ensure that the gas flow is
regulated properly (for e.g. opening any valve with high pressure behind it can lead to a flow surge
before the instrument reacts and regulates the flow). This is completed by ramping the flow rate slowly
in a manner similar to the Hydrogen test.

4. Once 750o is met on both sides of the cell and into the combustion can (TCs 6, 7, 8,
10, and 12), the anode flow control should be changed from “Purge” to “Methane
Test”.
This program will change the flow rates through each of the two mass-flow controllers equally so that
the system maintains an equal flow rate through the anode side of the cell. Though the temperature is
still below activation for the fuel cell to generate electrochemical reactions, the downstream
temperature for flow through the system is larger than the auto-ignition temperature of the fuel and
will burn-off all unreacted fuel. This will also assist in heating the system towards the end of the cell
length.

5. Check the initial setpoint of the combustion-air flow controller (MFC4). Its initial
setpoint should be 20 SLPM.
The downstream combustion air mass-flow controller is set to regulate its flow rate based on the
temperature of thermocouples 9, 10, and 16. If the temperatures experienced are close to the maximum
allowed, the mass-flow will increase its setpoint in 10 SLPM increments.

System Steady-State
1. Transition between Nitrogen and Methane-Air mixture requires active monitoring by
the operator.
The steps taken during this transition are as follows:
a.
b.
c.
d.

Reduce the Nitrogen flow rate from 2.6 SLPM to 0.5 SLPM, meanwhile bringing the
Methane and O to C to their initial setpoints of 0.25 SLPM and 0.65 SLPM, respectively.
Make sure that the cell voltage is > 1.02V once Methane and Air mixture is flowing through
the cell.
If the value is < 0.8V and not increasing, call ATREX and perform an emergency shutdown of
the system.
Increase the Methane and O to C flow rates simultaneously per the following table,
maintaining the cathode air flow at 30 SLPM over 5-minute intervals.
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Methane
0.25
0.5
0.75
1

Anode Air
0.6
1.5
2.1
2.8

e.

Shutoff Nitrogen completely once the maximum flow is reached and ensure that the cell
voltage on both load cells is > 1 V.
f. Begin increasing the current value over both load cells until a maximum of 90 amps is
approached. During this time, the cell voltage output must not drop below 0.55 volts to
prevent damage to the cell.
g. The temperature of the cell environment (determined by thermocouples 4 – 7) needs to be
maintained in the range of 750 – 825o Celsius for optimal power generation. If the cell
temperature exceeds or falls short of this range, the voltage generated by the cell will
decrease and potential damage to the cell may occur.
This test would be a baseline cell performance at atmospheric pressure and O/C of 1.2.
To further test the cell’s effectiveness:
a.

Slowly decrease the anode air flow rate to 1.2 SLPM in decrements of 0.25 SLPMs (5 minute
intervals) while maintaining the Methane flow rate at 1 SLPM.
This would be a baseline cell performance at atmospheric pressure and O/C of 0.5. Additional testing
that may
occur at elevated pressures allows for higher fuel density, thus
smaller O to C flow rates.
a.
b.
c.

Increase the pressure up to 25 psia and record cell voltages.
Further increase the pressure up to 35 psia and record cell voltages.
If the cell voltages are > 0.5 V, lower the O to C flow rate to 0.6 SLPM in decrements of 0.2
SLPM every 5 minutes.
d. If the cell voltages are stable and above > 0.5V, increase the back pressure up to 30 psi and
record the cell voltages.
This concludes high pressure testing at the optimal conditions.

2. If the voltage generated by the cell drops below 0.4 V during the main loading stage,
THE CELL LOAD MUST BE DISABLED IMMEDIATELY.
An interlock in the system will trigger an ESD if this occurs.

3. Once the load is at its maximum amperage, a full system test requires operation for
90 minutes.
This time counter is not included in the system but must be noted by the operator using either a
separate device or the system timer.

4. Once either the full time has passed, the operator can select the “Controlled
Shutdown” function if not activated by the system on its own.

Controlled Shutdown
1. Monitor the values of the system after selecting the “Controlled Shutdown” function.
The steps taken during this transition, performed by the computer, are as follows:
a.

Immediately begin ramping up the flow rate of the O to C to 1.2 SLPM if not there already.
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b.
c.

d.
e.
f.
g.
h.

The fuel cell load points will be reduced automatically to 50 Amps. The system will procure
for 2 minutes unless the produced voltage drops below 0.4 Volts.
The system will maintain steady flow rates and heating inputs while reducing the backpressure of the system through the Down Pressure Controller (DPC) setpoint. If the system is
already operating at ambient pressure, this step of the operation is omitted through basic
system logic.
Increase the O to C flow rate to 2 SLPM, decreasing the load cell setpoints to 25 Amps each.
Wait 2 additional minutes to allow the system to settle.
Increase the O to C flow rate to 2.8 SLPM, decreasing the load cell setpoints to 10 Amps
each. Wait 2 additional minutes to allow the system to settle.
Completely remove the load from the system after 2 minutes have passed since the last
decrease, ramping up the Nitrogen flow rate to 1 SLPM to the anode side of the system.
Completely ramp the Methane and O to C flow rates into the system to zero while increasing
the Nitrogen flow rate to 2.7 SLPM.
The heater input to the system will reduce to zero, allowing the cell to cool down. Once TCs 6
and 7 reach 600o Celsius, the flow rate of Hydrogen will begin ramping down to zero while
Nitrogen begins purging the Anode line.

2. Continue allowing the system to purge at the same flow rate until the temperatures of
the heating components reduce to ambient (~25o Celsius).
3. Reduce the mass flow controller setpoints to zero for those that are still active.
4. Reduce the inlet pressures of regulators 1, 3, 4, and 5.
5. Turn off the Main.VI.
Note the saved data location for post-test analysis.

6. Place both of the 208V and 480V electrical shutoff switches in the “off” position. If
completed with the computer data transition, place the 120V shutoff switch in the
“off” position.
7. Adjust any components of the system to their initial states prior to completing any
additional tests.
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APPENDIX B: Heat Loss from the Fuel Cell Analysis
PRELIMINARY ANALYSIS WORK METHOD ATTRIBUTED
COMPLETELY TO DR. SCOTT THOMAS.
The purpose of this analysis is to determine the amount of heat loss from the
system, operating at temperatures above 800°C, to outside of the system. The goal of this
analysis is to determine an acceptable amount of heat loss based off the amount of
insulation. The amount of heat loss determines the mass flow rate of the hot air into the
system. The hot air will be used to keep the methane and fuel cell at the desired
temperature of 800°C. The methane and hot air will enter the system at 800°C. The
pressure inside the system will be 413.685 kpa. The air outside of the system will be
assumed to be at ambient temperature, 298 K, and pressure, 101.3 kpa.
The following assumption are applied:
1. The system is at steady state.
2. The conduction from the stainless-steel tubing between the methane and hot air
can be neglected because the hot air and methane are entering at the same
temperature.
3. The tube is divided into differential lengths (ΔL). This way the temperature of
both the tube wall and the methane can vary along the axial direction.
4. The heat transfer coefficients for the forced convection of hot air and methane and
for the natural convection of the ambient air can be assumed to be 10 W/(m*K).
5. The fluid properties of the ambient air will be determined based off the surface
temperature T5.
6. The thermal conductivity of the stainless-steel tubing, ceramic insulation blanket,
and fiberglass insulation blanket are evaluated at the surface temperatures T2, T3,
and T4, respectively.
7. The flow is hydrodynamically and thermally fully developed.
Figure 1 shows the thermal resistance network of the heat exchanger. It accounts
for the forced convection of the hot air and methane, the conduction from the stainless-
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steel piping, ceramic insulation blanket, and the fiberglass insulation blanket, and the
natural convection and radiation of the ambient air outside of the system.

Fiberglass Insulation Blanket
Nitrogen Environment
Ceramic Insulation Blanket
Stainless-Steel Piping

Hot Air

Methane

𝑇1

𝑇∞,𝐶𝐻4
𝑟1

𝑅1

𝑇2
𝑅2

𝑇3
𝑅3

𝑇4
𝑅4

𝑇5
𝑅5

𝑅6

𝑅7

𝑇∞,𝑜

𝑇∞,𝐴𝑖𝑟

𝑟2
𝑟3

𝑟4

𝑟5

All the surface temperatures, T1, T2, T3, and T4, are unknown. R3 and R4 need to
be determined to fit the specific criteria.
𝑅1 =

𝑅2 =

1
ℎ𝐶𝐻4 𝐴1

=

1
𝜋𝐷1 Δ𝐿ℎ𝐶𝐻4

(Forced Convection from Tube Interior)

1
ℎ𝐻𝑜𝑡,𝐴𝑖𝑟 (𝐴2 − 𝐴1 )
=

1
𝜋(𝐷2 − 𝐷1 ) Δ𝐿ℎ𝐻2𝑂

(Forced Convection from Tube Interior)
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𝑅3 =

ln(𝐷3 /𝐷2 )
(Heat Conduction through Tube Wall)
2𝜋Δ𝐿𝑘𝑠𝑠

The thermal conductivity of the stainless-steel tubing is evaluated at the interior
surface temperature, T3.
𝑅4 =

ln(𝐷4 /𝐷3 )
(Heat Conduction through Tube Wall)
2𝜋Δ𝐿𝑘𝐼𝑛,1

The thermal conductivity of insulation 1 is evaluated at the interior surface
temperature, T4.
𝑅5 =

ln(𝐷5 /𝐷4 )
(Heat Conduction through Tube Wall)
2𝜋Δ𝐿𝑘𝐼𝑛,2

The thermal conductivity of insulation 2 is evaluated at the interior surface
temperature, T5
𝑅6 =

1
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝐴𝑜

=

1
(Thermal Radiation from Tube Exterior)
𝜋𝐷5 Δ𝐿ℎ𝑟𝑎𝑑,𝐴𝑚𝑏

Where the radiation heat transfer coefficient is defined by:
2
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 𝜖𝜎(𝑇52 + 𝑇∞,𝑜
)(𝑇5 + 𝑇∞,𝑜 )

𝑅7 =

1
ℎ𝑐𝑜𝑛,𝐴𝑖𝑟 𝐴0

=

1
(Natural Convection of Ambient Air)
𝜋𝐷5 𝛥𝐿ℎ𝑐𝑜𝑛,𝐴𝑖𝑟

The total resistance is given by the following equation:
𝑅𝑡 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 +

𝑅6 𝑅7
𝑅6 + 𝑅7

The heat transfer rate through a differential tube length is given by the overall
temperature difference divided by the equivalent total resistance:
𝑄̇ =

𝑇∞,𝐶𝐻4 − 𝑇∞,𝐴𝑚𝑏
𝑅𝑡

The surface temperatures of the tube can be calculated by using the following
equations
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𝑇1 − 𝑇∞,𝐶𝐻4
𝑅1

𝑄̇ =

or 𝑇1 = 𝑇∞,𝐶𝐻4 + 𝑅1 𝑄̇

𝑄̇ =

𝑇2 − 𝑇1
𝑅2

or 𝑇2 = 𝑇1 + 𝑅2 𝑄̇

𝑄̇ =

𝑇3 − 𝑇2
𝑅3

or 𝑇3 = 𝑇2 + 𝑅3 𝑄̇

𝑄̇ =

𝑇4 − 𝑇3
𝑅4

or 𝑇4 = 𝑇3 + 𝑅4 𝑄̇

𝑄̇ =

𝑇5 − 𝑇4
𝑅5

or 𝑇5 = 𝑇4 + 𝑅5 𝑄̇

The heat transfer rate through a differential tube length ΔL must be determined
iteratively because the radiation heat transfer coefficient in R5, and the conduction heat
transfer coefficients in R3 and R4 depend on the unknown surface temperatures. For the
initial setup of the system, the surface temperatures will be given by averaging the two
temperatures on their sides:
𝑇1 =

1
(𝑇
+ 𝑇∞,𝐴𝑖𝑟 )
2 ∞,𝐶𝐻4

𝑇2 =

1
(𝑇
+ 𝑇∞,𝐴𝑚𝑏 )
2 ∞,𝐴𝑖𝑟

𝑇3 =

1
(𝑇 + 𝑇∞,𝐴𝑚𝑏 )
2 2

1
𝑇4 = (𝑇3 + 𝑇∞,𝐴𝑚𝑏 )
2
1
𝑇5 = (𝑇4 + 𝑇∞,𝐴𝑚𝑏 )
2

For this analysis, the radii of the insulators will be varied until the resulting heat
transfer rate is low enough. The radii of the insulators affect R3-R6. Increasing the radii
will decrease the heat transfer rate; however, the area of the insulation needs to be kept a
low as possible.
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For the natural convection of the air, the Nusselt number can be determined by
using the equation for a horizontal cylinder:
1/6

Nu𝐴𝑖𝑟

ℎ𝐴𝑖𝑟 𝐷4
0.387Ra𝐴𝑖𝑟
=
= {0.6 +
}
[1 + (0.559/Pr𝐴𝑖𝑟 )9/16 ]8/27
𝑘𝐴𝑖𝑟

2

where all the properties are evaluated at the film temperature:
1
𝑇𝑓,𝐴𝑚𝑏 = (𝑇5 + 𝑇∞,𝐴𝑚𝑏 )
2
The Rayleigh number is based on the outer diameter of the horizontal tube:
Ra𝐴𝑖𝑟 =

𝑔𝛽𝐴𝑖𝑟 (𝑇5 − 𝑇∞,𝐴𝑚𝑏 )𝐷43
𝜈𝐴𝑖𝑟 𝛼𝐴𝑖𝑟

The volume expansion coefficient for an ideal gas is given by:
𝛽𝐴𝑖𝑟 =

1
𝑇𝑓,𝐴𝑖𝑟

The density of nitrogen is obtained by using the ideal gas relation:
𝜌𝐴𝑖𝑟 =

𝑃𝐴𝑚𝑏
𝑅𝐴𝑖𝑟 𝑇𝑓,𝐴𝑖𝑟

The kinematic viscosity and thermal diffusivity are defined by:
𝜈𝐴𝑖𝑟 =

𝜇𝐴𝑖𝑟
𝑘𝐴𝑖𝑟
, 𝛼𝐴𝑖𝑟 =
𝜌𝐴𝑖𝑟
𝜌𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟

Sample Calculations:
Short Tube Length, Δ𝐿 (m)

0.1

Inlet Temperature of Methane, 𝑇∞,𝐶𝐻4 (K)

1073

Inlet Temperature of Air, 𝑇∞,𝐴𝑖𝑟 (K)

1073

Ambient Temperature, T∞,Amb (K)

298

Tube Exterior Emissivity, 𝜖

0.95
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Stefan-Boltzmann Constant, 𝜎 (W/m2-K4) 5.67 × 10−8
Innermost Tube Diameter, 𝐷1 (m)

0.02

Second Tube Diameter, 𝐷2 (m)

0.1544

Third Tube Diameter, 𝐷3 (m)

0.1707

Fourth Tube Diameter, 𝐷4 (m)

0.3

Outer Tube Diameter, 𝐷5 (m)

0.5

Pressure of the system, 𝑃𝑆𝑦𝑠 (kPa)

413.685

Ambient Pressure, 𝑃𝐴𝑚𝑏 (kPa)

101
0.2870

Gas constant of Air. RAir (kJ/kg*K)

For the initial surface temperatures:
1
1
𝑇1 = (𝑇∞,𝐶𝐻4 + 𝑇∞,𝐴𝑖𝑟 ) = (1073 𝐾 + 1073 𝐾) = 1073 𝐾
2
2
𝑇2 =

1
1
(𝑇∞,𝐴𝑖𝑟 + 𝑇∞,𝐴𝑚𝑏 ) = (1073 𝐾 + 298 𝐾) = 685.5 𝐾
2
2

1
1
𝑇3 = (𝑇2 + 𝑇∞,𝐴𝑚𝑏 ) = (685.5 𝐾 + 298 𝐾) = 491.75 𝐾
2
2
𝑇4 =

1
1
(𝑇3 + 𝑇∞,𝐴𝑚𝑏 ) = (491.75 𝐾 + 298) = 394.875 𝐾
2
2

1
1
𝑇5 = (𝑇4 + 𝑇∞,𝐴𝑚𝑏 ) = (394.875 𝐾 + 298) = 346.4375 𝐾
2
2
The properties for the ambient air are given by the film temperature:
𝑇𝑓,𝐴𝑖𝑟 =

1
1
(𝑇5 + 𝑇∞,𝐴𝑚𝑏 ) = (346.4375 𝐾 + 298 𝐾) = 322.22 𝐾
2
2

The properties for air are then calculated at the film temperature, and the ambient
pressure:
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𝜇𝐴𝑖𝑟 = 0.0000196

𝑘𝑔
𝑚∗𝑠

𝑘𝐴𝑖𝑟 = 0.02803

𝑊
𝑚∗𝐾

𝐶𝑝,𝐴𝑖𝑟 = 1.007

𝑘𝐽
𝑘𝑔 ∗ 𝐾

Now, it is possible to calculate the volume expansion coefficient, the density of
air, the kinematic viscosity, and thermal diffusivity:
𝛽𝐴𝑖𝑟 =

𝜌𝐴𝑖𝑟 =

=

𝑇𝑓,𝐴𝑖𝑟

1
1
= 0.003103
322.22 𝐾
𝐾

𝑃𝐴𝑚𝑏
101.3 𝑘𝑝𝑎
𝑘𝑔
=
= 1.0954 3
𝑅𝐴𝑖𝑟 𝑇𝑓,𝐴𝑖𝑟 (0.287 𝑘𝐽 ) (322.22 𝐾)
𝑚
𝑘𝑔 ∗ 𝐾

𝜈𝐴𝑖𝑟

𝛼𝐴𝑖𝑟

1

𝑘𝑔
𝜇𝐴𝑖𝑟 0.0000196 𝑚 ∗ 𝑠
𝑚2
=
=
= 0.00001789
𝑘𝑔
𝜌𝐴𝑖𝑟
𝑠
1.0954 3
𝑚

𝑊
0.02803 𝑚 ∗ 𝐾
𝑘𝐴𝑖𝑟
𝑚2
=
=
= 0.0000254
1000 𝐽
𝜌𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟 (1.0954 𝑘𝑔 ) (1.007 𝑘𝐽
𝑠
)
∗
𝑘𝑔 ∗ 𝐾
𝑘𝐽
𝑚3

With these values, it is possible to calculate the Rayleigh number, based on the
outer diameter of the horizontal tube:
Ra𝐴𝑖𝑟

𝑔𝛽𝐴𝑖𝑟 (𝑇5 − 𝑇∞,𝐴𝑚𝑏 )𝐷53
=
𝜈𝐴𝑖𝑟 𝛼𝐴𝑖𝑟
(9.81
=

𝑚
1
) (0.003103 𝐾 ) (346.4 𝐾 − 298 𝐾)(0.5 𝑚)3
𝑠2
𝑚2
𝑚2
(0.00001789
) (0.0000254
)
𝑠
𝑠
Ra𝐴𝑖𝑟 = 405600000

The Prandtl number for Air is given by:

Pr𝐴𝑖𝑟

𝑘𝑔
𝑘𝐽
1000 𝐽
𝜇𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟 (0.0000196 𝑚 ∗ 𝑠) (1.007 𝑘𝑔 ∗ 𝐾 ∗ 𝑘𝐽 )
=
=
𝑊
𝑘𝐴𝐼𝑟
(0.02803 𝑚 ∗ 𝐾 )
Pr𝐴𝑖𝑟 = 0.7045

With the Rayleigh number and the Prandtl number, the Nusselt can be calculated:
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Nu𝐴𝑖𝑟

ℎ𝐴𝑖𝑟 𝐷5
0.387Ra𝐴𝑖𝑟
=
= {0.6 +
}
[1 + (0.559/Pr𝐴𝑖𝑟 )9/16 ]8/27
𝑘𝐴𝑖𝑟

2

2
1

(0.387 ∗ 4056000006 )
= 0.6 +
{

8
9 27
16

0.559
) ]
0.7045

[1 + (

}

Nu𝐴𝑖𝑟 = 394.8
The heat transfer coefficient for the natural convection of the air is given by:

h𝐴𝑖𝑟

𝑊
Nu𝐴𝑖𝑟 𝑘𝐴𝑖𝑟 (394.8) (0.02803 𝑚 ∗ 𝐾 )
=
=
𝐷5
0.5 𝑚
h𝐴𝑖𝑟 = 22.13

𝑊
𝑚2 ∗ 𝐾

The forced convection of the methane is:
𝑅1 =

1
ℎ𝐶𝐻4 𝐴1

=

1
1
=
𝜋𝐷1 Δ𝐿ℎ𝐶𝐻4 𝜋 ∗ (0.02 𝑚) ∗ (0.1 𝑚) ∗ (10
𝑅1 = 15.92

𝑅2 =

𝑊
)
∗𝐾

𝑚2

𝐾
𝑊

1
1
=
ℎ𝐻𝑜𝑡,𝐴𝑖𝑟 (𝐴2 − 𝐴1 )
𝜋(𝐷2 − 𝐷1 ) Δ𝐿ℎ𝐻2𝑂
1

=

𝜋 ∗ (0.1544 𝑚 − 0.02 𝑚) ∗ (0.1 𝑚) (10
𝑅2 = 2.368

𝑊
)
𝑚2 ∗ 𝐾

𝐾
𝑊

The thermal conductivity of the stainless-steel piping, evaluated at T2, is kss=
19.66 (W/m*K).
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0.1707 𝑚
ln (
)
ln(𝐷3 /𝐷2 )
0.1544 𝑚
𝑅3 =
=
𝑊
2𝜋Δ𝐿𝑘𝑠𝑠
2 ∗ 𝜋 ∗ ( 0.1 𝑚) ∗ (19.66 𝑚 ∗ 𝐾 )
𝑅3 = 0.008126

𝐾
𝑊

The thermal conductivity of insulation 1, evaluated at T2, is kin,1= 0.05389
(W/m*K). Insulation one is a ceramic insulation blanket.
0.3 𝑚
ln ( 0.1707 𝑚)
ln(𝐷4 /𝐷3 )
𝑅4 =
=
2𝜋Δ𝐿𝑘𝐼𝑛,1 2 ∗ 𝜋 ∗ (0.1 𝑚) ∗ (0.05389
𝑅4 = 16.65

𝑊
𝑚 ∗ 𝐾)

𝐾
𝑊

The thermal conductivity of insulation 2, evaluated at T3, kin,2= 0.02523
(W/m*K). Insulation two is a fiberglass insulation blanket.
0.5 𝑚
ln ( 0.3 𝑚)
ln(𝐷5 /𝐷4 )
𝑅5 =
=
2𝜋Δ𝐿𝑘𝐼𝑛,2 2 ∗ 𝜋 ∗ (0.1 𝑚) ∗ (0.02523
𝑅5 = 16.77

𝑊
)
𝑚∗𝐾

𝐾
𝑊

Where the radiation heat transfer coefficient is defined by:
2
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 𝜖𝜎(𝑇52 + 𝑇∞,𝐴𝑚𝑏
)(𝑇5 + 𝑇∞,𝐴𝑚𝑏 )

= 0.95 ∗ (5.67 ∗ 10−8

𝑊
) ( (346.4 𝐾)2 + (298 𝐾)2 )(346.4 𝐾
∗ 𝐾4

𝑚2

+ 298 𝐾)
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 7.249
𝑅6 =

1
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝐴𝑜

=

𝑊
∗𝐾

𝑚2

1
1
=
𝜋𝐷5 Δ𝐿ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝜋 ∗ (0.5 𝑚) ∗ (0.1 𝑚) ∗ (7.249
𝑅6 = 0.8782
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𝐾
𝑊

𝑊
)
𝑚2 ∗ 𝐾

𝑅7 =

1
ℎ𝑐𝑜𝑛,𝐴𝑖𝑟 𝐴0

=

1
1
=
𝜋𝐷5 𝛥𝐿ℎ𝑐𝑜𝑛,𝐴𝑖𝑟 𝜋 ∗ (0.5 𝑚) ∗ (0.1 𝑚) ∗ (10
𝑅7 = 0.6366

𝑊
)
𝑚2 ∗ 𝐾

𝐾
𝑊

The total resistance is given by the following equation:
𝑅𝑡 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 +
= (15.92

𝑅6 𝑅7
𝑅6 + 𝑅7

𝐾
𝐾
𝐾
𝐾
𝐾
) + (2.368 ) + (0.008126 ) + (16.65 ) + (16.77 )
𝑊
𝑊
𝑊
𝑊
𝑊
𝐾
𝐾
(0.8782 𝑊 ) ∗ (0.6366 𝑊 )
+
𝐾
𝐾
(0.8782 𝑊 ) + (0.6366 𝑊 )
𝑅𝑡 = 52.09
𝑄̇ =

𝐾
𝑊

𝑇∞,𝐶𝐻4 − 𝑇∞,𝐴𝑚𝑏 (1073 𝐾) − (298 𝐾)
=
𝐾
𝑅𝑡
52.09 𝑊
𝑄̇ = 14.88 𝑊

The surface temperatures are derived by knowing the temperature difference over
the thermal resistance is equal to the heat transfer rate:
̇ 𝐾 + ((15.92
𝑇1 = 𝑇∞,𝐶𝐻4 + 𝑅1 𝑄 = 1073

𝐾
) ∗ (−14.88 𝑊)) = 836.2 𝐾
𝑊

̇ 𝐾
𝑇2 = 𝑇1 + 𝑅2 𝑄 = 890.9 𝐾 + ((2.368 ) ∗ (−14.88 𝑊)) = 801.0 𝐾
𝑊
𝑇3 = 𝑇2 + 𝑅3 𝑄 = 863.8 𝐾 + ((0.008126

𝐾̇
) ∗ (−14.88 𝑊)) = 800.8 𝐾
𝑊

𝑇4 = 𝑇3 + 𝑅4 𝑄̇ = 863.7 𝐾 + ((16.65

𝐾
) ∗ (−14.88 𝑊)) = 553.1 𝐾
𝑊

𝑇5 = 𝑇4 + 𝑅5 𝑄 = 673.1 𝐾 + ((16.77

𝐾 ̇
) ∗ (−14.88 𝑊)) = 303.5 𝐾
𝑊
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Iteration

𝑇1 (𝐾)

𝑇2 (𝐾)

𝑇3 (𝐾)

𝑇4 (𝐾)

𝑇5 (𝐾)

Counter
1

836.2

801.0

800.8

553.1

303.5

2

770.1

725.1

724.9

529.8

305.6

3

781.6

738.3

738.1

530.8

305.3

4

780.1

736.5

736.3

531.2

305.4

5

780.1

736.5

736.4

531.2

305.4

10

780.2

736.6

736.4

531.3

305.4

Based off the values of the surface temperatures of the tenth iteration, the heat
transfer out of the system will be 18.40 W.
By taking the surface temperature value after 10 iterations, it is possible to find
the factor of safety: The maximum temperature of insulation one, the ceramic insulation
blanket, is 2300°F. The factor of safety is computed by taking the maximum operating
temperature of the insulation and dividing it by the maximum temperature it will
experience:
𝑇3 = (((736.4 𝐾 − 273 𝐾)°𝐶) ∗

𝐹𝑂𝑆𝑖𝑛1 =

9°𝐹
) + 32°𝐹 = 866.12°𝐹
5°𝐶

𝑇𝑚𝑎𝑥,𝑖𝑛1
2300°𝐹
=
= 2.656
𝑇3
866.12°𝐶

The maximum temperature of insulation two, the fiberglass insulation blanket, is
1200°F. The factor of safety is computed by taking the maximum operating temperature
of the insulation and dividing it by the maximum temperature it will experience:
𝑇4 = (((531.3 𝐾 − 273 𝐾)°𝐶) ∗
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9°𝐹
) + 32°𝐹 = 464.54°𝐹
5°𝐶

𝐹𝑂𝑆𝑖𝑛2 =

𝑇𝑚𝑎𝑥,𝑖𝑛1
1200°𝐹
=
= 2.583
𝑇3
464.54°𝐹
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APPENDIX C: Calculations of Pressure/Temperature Change from Combustion
The following calculations are found through the use of the Ideal Gas equation
and its constituents. The equation is given as follows:
𝑃𝑉 = 𝑁𝑅𝑇
Where P is the pressure (kPa), V is volume (m3), T is temperature (K), R is the
gas constant (kJ/kg*K), and N is the number of moles in the reaction. Using the right side
of the equation, and with knowledge of the increase in temperature and moles from
before and after stoichiometric combustion of a fuel, the following calculations are
performed.
Hydrogen at 300K = 17o C
T1 = 300K, T2 = 2580K
P1 = 405.13 kPa, N2/N1 = 0.85
P2 = P1*N2/N1*T2/T1
= 405.13 kPa*0.85*2580/300
2,961 kPa = 430 psi
Hydrogen at 900K = 617o C
T1 = 900K, T2 = 3570K
P1 = 405.13 kPa, N2/N1 = 0.85
P2 = P1*N2/N1*T2/T1
= 405.13 kPa*0.85*3570/900
1,366 kPa = 198 psi
Hydrogen at 1100K = 817o C
T1 = 1100K, T2 = 3580K
P1 = 405.13 kPa, N2/N1 = 0.85
P2 = P1*N2/N1*T2/T1
109

= 405.13 kPa*0.85*3580/1100
1,120 kPa = 163 psi
Methane at 300K = 17o C
T1 = 300K, T2 = 2365K
P1 = 405.13 kPa, N2/N1 = 1
P2 = P1*N2/N1*T2/T1
= 405.13 kPa*1*2365/300
3194 kPa = 463 psi
Methane at 900K = 617o C
T1 = 900K, T2 = 2920K
P1 = 405.13 kPa, N2/N1 = 1
P2 = P1*N2/N1*T2/T1
= 405.13 kPa*1*2920/900
1314 kPa = 190.7 psi
Methane at 1100K = 817o C
T1 = 300K, T2 = 3190 K
P1 = 405.13 kPa, N2/N1 = 1
P2 = P1*N2/N1*T2/T1
= 405.13 kPa*1*3190/1100
1175 kPa = 170 psi
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APPENDIX D: Material Analysis of Steels used in System
For this system, two specific types of stainless steels are being used to contain the
fuels of the system and withstand the specified temperature range. These steels are AISI
316, an austenitic chromium-nickel stainless steel containing molybdenum, and Inconel
600, a nickel-chromium-iron alloy steel with high resistance to heat and corrosion. Both
of these steels are capable of withstanding up to max temperatures of 1300o Celsius
before melting begins, making them good candidates for the test bed system.
The reason both metals are being used for this system comes from the material
content of both. Each of these materials are acceptable for this system, with most results
showing optimal operation for the temperature range used. The individual element weight
percentage content for the metals being used in the system are shown in table 8.4.1.
Table 4.1: List of elements for the steels used in the proposed system with their weight
percentages.
Element

AISI 316 wt.%

AISI 316L wt.%

Inconel 600 wt. %

Carbon

0.08 max.

0.03 max.

0.15 max.

Manganese

2.00 max.

2.00 max.

1.00 max.

Phosphorus

0.045 max.

0.045 max.

N/A

Sulfur

0.03 max.

0.03 max.

0.015 max.

Silicon

0.75 max.

0.75 max.

0.50 max.

Copper

N/A

N/A

0.50 max.

Chromium

16.00 – 18.00

16.00 – 18.00

14.00 – 17.00

Nickel

10.00 – 14.00

10.00 – 14.00

72.0 min.

Molybdenum

2.00 – 3.00

2.00 – 3.00

N/A

Nitrogen

0.10 max.

0.10 max.

N/A

Iron

Balance

Balance

6.00 – 10.00
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With this knowledge, evaluation of the metals being used can be based on an
understanding for their operable stress values. For the purpose of the test bed, the
evaluation of each metal and its performance at elevated temperatures on the yield
strength is displaced for the purpose of determining the factor of safety for each of the
plumbing components in the system. These values have been derived from various tests
and recorded in the text “Handbook of Stainless Steels,” evaluating the performance of
various steel configurations under pressurized and temperature varying conditions.
Comparison to separate values determined by a more “up to date” resource shows that the
integrity of this stainless steel has improved over the years. Values for AISI 316 are
shown in table 8.4.2, along with values for AISI 309 in comparison.

Table 8.4.2: Maximum Allowable Stress (ksi), Values in Tension for AISI 316 with
varying temperature [2].
Temp. (°C)

AISI 316 YS (ksi) -

AISI 316 YS (ksi) -

1977

2007

24

18.75

42

50

93

18.75

42

-

149

17.9

40.1

-

204

17.5

39.2

38

260

17.2

38.5

-

316

17.1

38.3

35

371

17

38.1

-

426

16.75

37.52

32

482

16

35.8

-

538

14

31.4

29
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AISI 309 YS (ksi)

593

10.4

23.3

-

649

6.8

15.2

25

704

4.0

8.96

-

760

2.35

5.26

22

816

1.5

3.36
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Though Inconel component test values aren’t defined in the given text, both the
Special Metals Corporation and Aerospace Specification Metals Incorporation have
defined some of these working values in their product reviews, though neither cover
temperature ranges for the test bed structure that is being built. These values are shown in
table 8.4.3.
Table 4.3: Physical test properties of Inconel 600 for varying conditions.
Physical Test Property

Appropriate Value

Tensile Strength, Ultimate

95 ksi

Tensile Strength, Yield

45 ksi

Tensile Strength, Yield @ 550o Celsius

26.1 ksi

Estimated Tensile Strength @ 800o Celsius

4.28 ksi

With this knowledge, FOS calculations can be applied to determine the fault line for
Inconel supported tubing. According to an accepted temperature range of metals in high
temperature operation, provided by the stainless steel information center group. These
operable temperatures for long term operation are shown in table 8.4.4 as follows.
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Table 7.4.4: Table showing generally accepted service temperatures of different stainless
steels.
Material

304

316

309

310

Intermittent

Continuous

Service Temperature

Service Temperature

1600°F

1700°F

(870°C)

(925°C)

1600°F

1700°F

(870°C)

(925°C)

1800°F

2000°F

(980°C)

(1095°C)

1900°F

2100°F

(1035°C)

(1150°C)

These values indicate slight complications that may arise for the heated section of
piping if using AISI 316 Stainless Steel. Therefore, the use of a separate stainless steel
like 309(S) and 310(S), stainless steels that have been designed for high temperature
operation. These materials will be discussed in the safety review meeting.
References:
“309/309s Stainless Steel Data Sheet,” Publication 309/309s-S-3-09-08, AK Steel
Corporation, 2008, online text, URL:
http://www.aksteel.com/pdf/markets_products/stainless/austenitic/309_309s_data
_sheet.pdf
“316/316L Stainless Steel Data Sheet,” Publication 316/316L-S-08-01-07, AK Steel
Corporation, 2007, online text, URL:
http://www.aksteel.com/pdf/markets_products/stainless/austenitic/316_316l_data
_sheet.pdf
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“Inconel Alloy 600 Property Sheet,” Publication SMC-027, Special Metals Corporation,
2008, online text, URL:
http://www.specialmetals.com/assets/smc/documents/alloys/inconel/inconelalloy-600.pdf
Kraus, George, “Steels: Processing, Structure, and Performance,” 2nd Edition, ASM
International, Materials Park, OH, 2015, text.
Peckner, Donald & Bernstein, I. M., “Handbook of Stainless Steels,” McGraw-Hill Book
Company, 1977, text.
“Special Metals – Inconel Alloy 600,” Aerospace Specification Metals Inc., 2012, web
page, URL:
http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=NINC30
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APPENDIX E: Stress Calculations for Pressurized Vessels
Using stress laws for pressurized cylindrical containers, the maximum allowable
stress on the system, including thermal variances, is able to be calculated. Point to begin
is determining the axial and hoop stresses on the system, caused by the pressure
difference.
𝜎ℎ𝑜𝑜𝑝 =

𝐹 𝑃𝐷𝑖𝑛𝑛𝑒𝑟 Pr𝑖𝑛𝑛𝑒𝑟
𝑃𝐷𝑖𝑛𝑛𝑒𝑟
=
=
=
𝑡𝑙
𝑡𝑙
𝑡
2𝑡

This calculation applies to a thin-walled cylinder, defined as the
Diameter/Thickness > 20, which is true for both single cell and stacked-cell
configurations. Axial stress produced by this system is very similar, being:
𝜎𝑎𝑥𝑖𝑎𝑙 =

𝜎ℎ𝑜𝑜𝑝 𝑃𝑟 𝑃𝐷𝑖𝑛𝑛𝑒𝑟
=
=
2
2𝑡
4𝑡

Knowing that a maximum level of stress is the limiting factor for the internal
pressure and chamber sizing. Limiting factors along the axial length of the tube include
the sizing and amount of bolts holding the end caps onto the chamber flanges, along with
the sizing and configuration of the weld to attach the flanges to the chamber. These
calculations are defined by:
𝑃𝑙𝑜𝑎𝑑 =

𝑃𝑡𝑜𝑡𝑎𝑙
𝑁

Where Pload is the force experienced per bolt, Ptotal is the axial stress of the
chamber, and N is the number of bolts per end of the chamber.
Table 5.1: Information for Bolts used with system.
Variable:

Value:

Thread Size:

7/8”

Head Size:

37/64”

Stressed Area (Course – Fine):

0.4962 in2 – 0.509 in2

Yield Strength – Grade 5:

9.2 x 104 psi
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Yield Strength – Grade 8:

1.3 x 105 psi

Cell, Bolts, and Auxiliary Components:
Givens (Reference Appendix D for σallowable):
𝑂𝐷 = 15 𝑖𝑛.
𝑡 = 0.5 𝑖𝑛.
𝑃400 = 400 𝑝𝑠𝑖
𝑃200 = 200 𝑝𝑠𝑖
𝜎ℎ,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝐴𝑙𝑙𝑜𝑤 = 42,000 𝑝𝑠𝑖
𝜎ℎ,ℎ𝑖𝑔ℎ𝑡𝑒𝑚𝑝,𝐴𝑙𝑙𝑜𝑤 = 3,360 𝑝𝑠𝑖
From these values, the calculation for the maximum pressure (P400 at ambient
conditions and P200 at elevated temperature conditions) is performed, comparing to values
determined in Appendix C:
𝐷𝑖𝑛𝑛𝑒𝑟 = 𝑂𝐷 − 2𝑡 = 15 − 1 = 14 𝑖𝑛.
𝜎ℎ,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ 14
=
= 5,600 𝑝𝑠𝑖
2𝑡
2 ∗ 0.5

𝜎ℎ,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑚𝑎𝑥 =

𝑃200 𝐷𝑖𝑛𝑛𝑒𝑟 200 ∗ 14
=
= 2,800 𝑝𝑠𝑖
2𝑡
2 ∗ 0.5

To understand the axial stress of this cell, taking half of the hoop stress will
suffice for the value, therefore:
𝜎𝑎𝑥,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ 14
=
= 2,800 𝑝𝑠𝑖
4𝑡
4 ∗ 0.5

𝜎𝑎𝑥,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑚𝑎𝑥 =

𝑃200 𝐷𝑖𝑛𝑛𝑒𝑟 200 ∗ 14
=
= 1,400 𝑝𝑠𝑖
4𝑡
4 ∗ 0.5

The bolts will be directly under this stress value, though will be divided by the
number of bolts at each of the end flanges. The equation is shown:
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𝜎𝑙𝑜𝑎𝑑 =

𝜎𝑡𝑜𝑡𝑎𝑙
𝑁

=

2,800
12

= 233 𝑝𝑠𝑖

Tubing:
Applies for both AISI 316 and Inconel 600 piping types. The givens for
geometrical reference are the same (Reference Appendix D for 𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤2 ):
𝑂𝐷 = .25 𝑖𝑛.
𝑡 = .028 𝑖𝑛.
𝑃400 = 400 𝑝𝑠𝑖
𝑃200 = 200 𝑝𝑠𝑖
𝜎𝐴𝑚𝑏𝑖𝑒𝑛𝑡,𝐴𝐼𝑆𝐼 = 45,000 𝑝𝑠𝑖
𝜎𝐴𝑚𝑏𝑖𝑒𝑛𝑡,𝐼𝑛𝑐𝑜𝑛𝑒𝑙 = 45,000 𝑝𝑠𝑖
𝜎𝐻𝑇,𝐴𝐼𝑆𝐼 = 18,000 𝑝𝑠𝑖
𝜎𝐻𝑇,𝐼𝑛𝑐𝑜𝑛𝑒𝑙 = 4,280 𝑝𝑠𝑖
Determining inner diameter of tubing:
𝐷𝑖𝑛𝑛𝑒𝑟 = 𝑂𝐷 − 2𝑡 = .25 − .066 = .184 𝑖𝑛.
Using the given parameters above, the axial stress can be calculated. The shown
calculation is based on the maximum pressure (𝑃400 ) seen within the system at ambient
temperature (previously calculated in Appendix C):
𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .184
=
= 657.14 𝑝𝑠𝑖
4𝑡
4 ∗ .028

The hoop stress can be calculated by using the hoop stress equation. The shown
calculation is based on the maximum pressure (𝑃400 ) seen within the system (previously
calculated in Appendix C):
𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .184
=
= 1,314.29 𝑝𝑠𝑖
2𝑡
2 ∗ .028

Axial stress at elevated temperature of 1100K, and pressure of 𝑃200 (second
calculation):
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𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥2 = 396.43 𝑝𝑠𝑖
Hoop stress at elevated temperature of 1100K and max pressure and pressure of
𝑃200 (second calculation):
𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥2 = 792.86 𝑝𝑠𝑖
Dielectric fitting:
Givens:
𝑂𝐷 = 0.5 𝑖𝑛.
𝐷𝑖𝑛𝑛𝑒𝑟 = 0.28 𝑖𝑛.
𝑃𝑚𝑎𝑥 = 5,000 𝑝𝑠𝑖
𝑃400 = 400 𝑝𝑠𝑖
𝑃200 = 200 𝑝𝑠𝑖
Determining thickness of tubing:
𝑡 = 𝑂𝐷 − 𝐷𝑖𝑛𝑛𝑒𝑟 =

0.5 − 0.28
= 0.11 𝑖𝑛.
2

Using the given parameters above, the axial stress can be calculated for the
dielectric fittings. The first axial stresses are calculated at the maximum pressure
allowable for half inch tubing at the specified thickness at ambient temperature. The
second calculation is based on the maximum pressure (𝑃400 ) seen within the system at
approximately ambient temperature. This is because Swagelok defines the operating
temperature for dielectric fittings must be no higher than ~93°C thus the maximum
operating pressure is as defined above. The following calculations show the axial stress:
𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤 =

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 5000 ∗ .28
=
= 3,181.8 𝑝𝑠𝑖
4𝑡
4 ∗ 0.11

𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .28
=
= 254.54 𝑝𝑠𝑖
4𝑡
4 ∗ 0.11

The hoop stress can be calculated for dielectric fittings by using the hoop stress
equation. The first hoop stresses are calculated at the maximum pressure allowable at
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ambient temperature. The second calculation is based on the maximum pressure (𝑃400 )
seen within the system at ambient conditions:
𝜎ℎ𝑜𝑜𝑝,𝑎𝑙𝑙𝑜𝑤 =

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 5000 ∗ .28
=
= 3,181.8 𝑝𝑠𝑖
2𝑡
2 ∗ .22

𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥 =

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .28
=
= 254.546 𝑝𝑠𝑖
2𝑡
2 ∗ .22

Axial stress at max pressure and pressure of 𝑃200 (second calculation):
𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤2 = 1590.9 𝑝𝑠𝑖
𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥2 = 63.6364 𝑝𝑠𝑖
Hoop stress at max pressure and pressure of 𝑃200 (second calculation):
𝜎ℎ𝑜𝑜𝑝,𝑎𝑙𝑙𝑜𝑤2 = 3,181.8 𝑝𝑠𝑖
𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥2 = 127.273 𝑝𝑠𝑖
Union Fitting:
Givens (Reference Appendix D for 𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤2 ):
𝑂𝐷 = .25 𝑖𝑛.
𝐷𝑖𝑛𝑛𝑒𝑟 = .19 𝑖𝑛.
𝑃𝑚𝑎𝑥 = 8,000 𝑝𝑠𝑖
𝑃400 = 400 𝑝𝑠𝑖
𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤2 = 1,500 𝑝𝑠𝑖
𝑃200 = 200 𝑝𝑠𝑖
Determining thickness of tubing:
𝑡 = 𝑂𝐷 − 𝐷𝑖𝑛𝑛𝑒𝑟 = .25 − .19 = .06 𝑖𝑛.
Using the same process and theory for axial stress calculations for union fittings
from the tubing section 9.5.2:

120

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 8000 ∗ .19
=
= 6333.3 𝑝𝑠𝑖
4𝑡
4 ∗ .06

𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤 =
𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥 =

𝑃400 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .19
=
= 316.67 𝑝𝑠𝑖
4𝑡
4 ∗ .06

Determining hoop stress for unions:
𝜎ℎ𝑜𝑜𝑝,𝑎𝑙𝑙𝑜𝑤 =

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 1500 ∗ .19
=
= 12667.0 𝑝𝑠𝑖
2𝑡
2 ∗ .06

𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥 =

𝑃𝑚𝑎𝑥 𝐷𝑖𝑛𝑛𝑒𝑟 400 ∗ .19
=
= 633.33 𝑝𝑠𝑖
2𝑡
2 ∗ .06

Axial stress at max pressure and pressure of 𝑃200 (second calculation):
𝜎𝑎𝑥𝑖𝑎𝑙,𝑎𝑙𝑙𝑜𝑤2 = 1500 𝑝𝑠𝑖
𝜎𝑎𝑥𝑖𝑎𝑙,𝑚𝑎𝑥2 = 158.33 𝑝𝑠𝑖
Hoop stress at max pressure and pressure of 𝑃200 (second calculation):
𝜎ℎ𝑜𝑜𝑝,𝑎𝑙𝑙𝑜𝑤2 = 2375 𝑝𝑠𝑖
𝜎ℎ𝑜𝑜𝑝,𝑚𝑎𝑥2 = 316.67 𝑝𝑠𝑖
Factor of Safety Calculations for Tubing, Dielectric fittings, and Union fittings:
The biggest concern with any pressurized vessel is determining the factor of
safety. This next section provides the factor of safety calculations for the tubing,
dielectric fittings, and union fittings near the fuel cell.
Factor of Safety equation:
𝐹𝑂𝑆 =

𝜎𝑦𝑖𝑒𝑙𝑑
𝜎𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒𝑑

Factor of Safety – Cell Body:
𝐹𝑂𝑆ℎ𝑜𝑜𝑝,

ℎ𝑖𝑔ℎ 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝐹𝑂𝑆ℎ𝑜𝑜𝑝,

𝑎𝑚𝑏𝑖𝑒𝑛𝑡

=
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=

18000 𝑝𝑠𝑖
= 6.4
2800 𝑝𝑠𝑖

45000 𝑝𝑠𝑖
= 8.0
5600 𝑝𝑠𝑖

Factor of Safety – Bolts on Cell (Section 5):
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

92000 𝑝𝑠𝑖
= 394
233 𝑝𝑠𝑖

=

𝑠𝑡𝑟𝑒𝑠𝑠

Factor of Safety – AISI Tubing at ambient temperature:
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

=

𝑠𝑡𝑟𝑒𝑠𝑠

42000 𝑝𝑠𝑖
= 32
1314.3 𝑝𝑠𝑖

Factor of Safety – AISI Tubing at elevated temperature:
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

3360 𝑝𝑠𝑖
= 4.23
792.86 𝑝𝑠𝑖

=

𝑠𝑡𝑟𝑒𝑠𝑠

Factor of Safety – Inconel Tubing at ambient temperature:
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

=

𝑠𝑡𝑟𝑒𝑠𝑠

45000 𝑝𝑠𝑖
= 34
1314.3 𝑝𝑠𝑖

Factor of Safety – Inconel Tubing at elevated temperature:
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

𝑠𝑡𝑟𝑒𝑠𝑠

=

4280 𝑝𝑠𝑖
= 5.4
792.86 𝑝𝑠𝑖

Factor of Safety – Dielectric fittings at ambient temperature:
𝐹𝑂𝑆𝑙𝑜𝑛𝑔.

𝑠𝑡𝑟𝑒𝑠𝑠

=

1590.9 𝑝𝑠𝑖
= 12.5
127.273 𝑝𝑠𝑖

𝐹𝑂𝑆ℎ𝑜𝑜𝑝

𝑠𝑡𝑟𝑒𝑠𝑠

=

3181.8 𝑝𝑠𝑖
= 12.5
254.546 𝑝𝑠𝑖

Factor of Safety – Union fittings at elevated temperature:
𝐹𝑂𝑆𝑙𝑜𝑛𝑔.
𝐹𝑂𝑆ℎ𝑜𝑜𝑝

𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑒𝑠𝑠

=

=

1500 𝑝𝑠𝑖
= 9.47
158.33 𝑝𝑠𝑖
3000 𝑝𝑠𝑖
= 9.47
316.667 𝑝𝑠𝑖

All in all, these FOS calculations set location to the optimal fail points of the
system, if any are to occur directly.
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APPENDIX F: Analysis of Cooling Exhaust Gases
PRELIMINARY ANALYSIS WORK METHOD ATTRIBUTED
COMPLETELY TO DR. SCOTT THOMAS.
The purpose of this analysis is to determine the mass flow rate of water needed to
cool the exhaust gases below their lowest auto ignition temperature. The exhaust gas will
be entering at 890°C (T∞,Exh). The auto ignition temperatures of the fuel are 580°C for
CH4, 500°C for H2, and 609°C for CO. With these values, the heat exchanger needs to
reduce the temperature of the exhaust gases below 400°C. A lower temperature would be
ideal, but that value will depend on the mass flow rate calculated in this analysis. To keep
the water as single phase, the outlet temperature will be 95°C, and the inlet temperature
will be assumed to be ambient temperature (25°C). The temperature of the ambient air
will also be 25°C. The inlet mass flow rate of the exhaust is 0.78 g/s.
The following assumptions are applied:
1. The system is at steady state
2. The mass flow rate of the exhaust will not be affected by the change in geometry
between the tube leaving the fuel cell and the heat exchanger.
3. The heat exchanger and tube leaving the fuel cell have no leaks.
4. The tube is divided into differential lengths (ΔL). This way the temperature of
both the tube wall and the methane can vary along the axial direction.
5. The flow is hydrodynamically fully developed and thermally fully developed.
6. The fluid properties of the exhaust gases will be determined based off the inlet
temperature.
7. The fluid properties of water will be based off the film temperature.
8. The wall properties are evaluated at T1 for the inner tube and at T3 for the outer
tube.
The thermal resistance network of the heat exchanger accounts for the forced
convection of the exhaust gases, the heat conduction through the inner tube wall, the
forced convection and thermal radiation of the water, the heat conduction through the
outer tube wall, and the thermal radiation at the exterior of the heat exchanger.
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Outer Tube

Water

Inner Tube

Exhaust

𝑅3
𝑇1

𝑇∞,𝐸𝑥ℎ
𝑟1

𝑇2

𝑅1

𝑅6
𝑇3

𝑅2
𝑅4

𝑇4
𝑅5

𝑅7

𝑇∞,𝐴𝑚𝑏

𝑟2

𝑇∞,𝐻2𝑂

𝑟3

𝑟4

All the surface temperatures, T1, T2, T3, and T4, are unknown. The mass flow rate
of the water is what is being solved for.
𝑅1 =

1
1
=
ℎ𝐸𝑥ℎ 𝐴𝐸𝑥ℎ 𝜋𝐷1 Δ𝐿ℎ𝐸𝑥ℎ
𝑅2 =

(Forced Convection from Tube Interior)

ln(𝐷2 /𝐷1 )
(Heat Conduction through Tube Wall)
2𝜋Δ𝐿𝑘𝑠𝑠

The thermal conductivity of the stainless-steel tube is evaluated at the interior
surface temperature, T1.
𝑅3 =

1
1
=
ℎ𝐻2𝑂 (𝐴3 − 𝐴2 )
𝜋(𝐷3 − 𝐷2 )Δ𝐿ℎ𝐻2𝑂

𝑅4 =

(Forced Convection from Tube Interior)

1
1
=
(Thermal Radiation from water)
ℎ𝑟𝑎𝑑,𝐻2𝑂 (𝐴3 − 𝐴2 ) 𝜋(𝐷3 − 𝐷2 )Δ𝐿ℎ𝑟𝑎𝑑,𝐻2𝑂
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𝑅5 =

ln(𝐷4 /𝐷3 )
(Heat Conduction through Tube Wall)
2𝜋Δ𝐿𝑘𝑠𝑠

The thermal conductivity of the stainless-steel tube is evaluated at the interior
surface temperature, T3.
𝑅6 =

1
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝐴𝑜

𝑅7 =

=

1
ℎ𝑐𝑜𝑛,𝐴𝑖𝑟 𝐴0

1
(Thermal Radiation from Tube Exterior)
𝜋𝐷4 Δ𝐿ℎ𝑟𝑎𝑑,𝐴𝑚𝑏
1
(Natural Convection of Ambient Air)
𝜋𝐷4 𝛥𝐿ℎ𝑐𝑜𝑛,𝐴𝑖𝑟

=

The thermal radiation heat transfer coefficient is:
2
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 𝜖𝜎(𝑇42 + 𝑇∞,𝑜
)(𝑇4 + 𝑇∞,𝑜 )
2
ℎ𝑟𝑎𝑑,𝐻2𝑂 = 𝜖𝜎(𝑇22 + 𝑇∞,𝐻2𝑂
)(𝑇2 + 𝑇∞,𝐻2𝑂 )

The total thermal resistance is given by:
𝑅𝑡 = 𝑅1 + 𝑅2 +

𝑅3 𝑅4
𝑅6 𝑅7
+ 𝑅5 +
𝑅3 + 𝑅4
𝑅6 + 𝑅7

The heat transfer rate through the differential tube length is given in terms of the
overall temperature difference
𝑄̇ =

𝑇∞,𝐸𝑥ℎ − 𝑇∞,𝐴𝑚𝑏
𝑅𝑡

The surface temperatures of the tube can be calculated by using the following
equations
𝑄̇ =

𝑇1 − 𝑇∞,𝐸𝑥ℎ
𝑅1

𝑄̇ =
𝑄̇ =

𝑇2 − 𝑇1
𝑅2

𝑇3 − 𝑇2
𝑅3 𝑅4
𝑅3 + 𝑅4
𝑄̇ =

or 𝑇1 = 𝑇∞,𝐸𝑥ℎ + 𝑅1 𝑄̇
or 𝑇2 = 𝑇1 + 𝑅2 𝑄̇

or 𝑇3 = 𝑇2 +

𝑇4 − 𝑇3
𝑅5

𝑄(𝑅3 ̇ + 𝑅4 )
𝑅3 𝑅4

or 𝑇4 = 𝑇3 + 𝑅5 𝑄̇
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The heat transfer rate through a differential tube length ΔL must be determined
iteratively because the radiative heat transfer coefficient in R4 and R6, and the natural
convection coefficient in R3 all depend on the unknown surface temperatures.
If the flow in the smooth tube is both hydro-dynamically and thermally fully
developed, the Nusselt number for a constant wall temperature for the forced convection
of the exhaust gases is given by the Gnieslinski correlation:
Nu𝐸𝑥ℎ

ℎ𝐸𝑥ℎ 𝐷1
=
= 3.66 +
𝑘𝐸𝑥ℎ

𝑁𝑢𝐸𝑥ℎ =

𝐷
0.065 (𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ
2/3
𝐷
1 + 0.04 [(𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ ]

(𝑓𝐸𝑥ℎ /8)(𝑅𝑒𝐸𝑥ℎ − 1000) Pr𝐸𝑥ℎ
ℎ𝐸𝑥ℎ 𝐷1
=
𝑘𝐸𝑥ℎ
1 + 12.7(𝑓𝐸𝑥ℎ /8)0.5 (Pr2/3
𝐸𝑥ℎ − 1)

(Laminar Flow)

(Turbulent Flow)

Where turbulent flow is assumed for Reynolds numbers greater than Re > 3000
and laminar flow is assumed for Re < 3000:
𝑅𝑒𝐸𝑥ℎ =

𝑉𝐷 𝜌𝑉𝐷 𝑚̇𝐷
𝑚̇𝐷
4𝑚̇𝐸𝑥ℎ
=
=
=
=
𝜋
𝜈
𝜇
𝜇𝐴
𝜇 ( 4 𝐷2 ) 𝜋𝜇𝐸𝑥ℎ 𝐷1

and Prandtl numbers between 0.6 ≤ Pr ≤ 2000:
𝜇𝐸𝑥ℎ 𝑐𝑝,𝐸𝑥ℎ
Pr𝐸𝑥ℎ =
𝑘𝐸𝑥ℎ
where f is the Darcy friction factor given by:
𝑓𝐸𝑥ℎ = [0.790 ln(𝑅𝑒𝐸𝑥ℎ ) − 1.64]−2
for laminar flow (Re < 3000) the Nusselt number can be given by the following equation:
𝑁𝑢𝐸𝑥ℎ = 3.66 +

𝐷
0.065 (𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ
2/3
𝐷
1 + 0.04 [(𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ ]

Where all these properties are calculated at the temperature of the exhaust
entering the heat exchanger (T∞,Exh=890°C). The forced convection of water is found
using similar equations to the forced convection of the exhaust gases. The subscripts are
changed accordingly:
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Nu𝐻2𝑂

ℎ𝐻2𝑂 𝐷3
=
= 3.66
𝑘𝐻2𝑂

𝑁𝑢𝐻2𝑂 =

𝐷
0.065 (𝛥𝐿3 ) 𝑅𝑒𝐻2𝑂 𝑃𝑟𝐻2𝑂
2/3
𝐷
1 + 0.04 [(𝛥𝐿3 ) 𝑅𝑒𝐻2𝑂 𝑃𝑟𝐻2𝑂 ]

ℎ𝐻2𝑂 𝐷3 (𝑓𝐻2𝑂 /8)(𝑅𝑒𝐻2𝑂 − 1000) Pr𝐻2𝑂
=
𝑘𝐻2𝑂
1 + 12.7(𝑓𝐻2𝑂 /8)0.5 (Pr2/3
𝐻2𝑂 − 1)
𝑅𝑒𝐻2𝑂 =

(Laminar Flow)

(Turbulent Flow)

𝑉𝐷 𝜌𝑉𝐷 𝑚̇𝐷
𝑚̇𝐷
4𝑚̇𝐻2𝑂
=
=
=
=
𝜋
𝜈
𝜇
𝜇𝐴
𝜋𝜇𝐷3
𝜇 (4 𝐷2 )
Pr𝐻2𝑂 =

𝜇𝐻2𝑂 𝑐𝑝,𝐻2𝑂
𝑘𝐻2𝑂

𝑓𝐻2𝑂 = [0.790 ln(𝑅𝑒𝐻2𝑂 ) − 1.64]−2
where all the properties are evaluated at the film temperature:
𝑇𝑓,𝐻2𝑂 =

1
(𝑇 + 𝑇3 )
2 2

For the air, the natural convection heat transfer coefficient can be determined by
finding the Nusselt Number given by:
1/6

Nu𝐴𝑖𝑟

ℎ𝐴𝑖𝑟 𝐷4
0.387Ra𝐴𝑖𝑟
=
= {0.6 +
}
[1 + (0.559/Pr𝐴𝑖𝑟 )9/16 ]8/27
𝑘𝐴𝑖𝑟

2

where all properties are evaluated at the film temperature:
𝑇𝑓,𝐴𝑚𝑏 =

1
(𝑇 + 𝑇∞,𝐴𝑚𝑏 )
2 4

The outer wall temperature of the differential tube length is initialized for iteration
at the average of the inlet methane temperature and the tube furnace temperature:
𝑇4 =

1
(𝑇
+ 𝑇∞,𝐴𝑚𝑏 )
2 𝑂,𝐻2𝑂

The Rayleigh number is based on the outer diameter of the horizontal tube:
Ra𝐴𝑖𝑟 =

𝑔𝛽𝐴𝑖𝑟 (𝑇4 − 𝑇∞,𝐴𝑚𝑏 )𝐷43
𝜈𝐴𝑖𝑟 𝛼𝐴𝑖𝑟

The volume expansion coefficient for an ideal gas is given by:
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𝛽𝐴𝑖𝑟 =

1
𝑇𝑓,𝐴𝑖𝑟

The density of nitrogen is obtained by using the ideal gas relation:
𝜌𝐴𝑖𝑟 =

𝑃𝐴𝑚𝑏
𝑅𝐴𝑖𝑟 𝑇𝑓,𝐴𝑖𝑟

The kinematic viscosity and thermal diffusivity are defined by:
𝜈𝐴𝑖𝑟 =

𝜇𝐴𝑖𝑟
𝑘𝐴𝑖𝑟
, 𝛼𝐴𝑖𝑟 =
𝜌𝐴𝑖𝑟
𝜌𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟

For the start of iteration, T2 is given by the average temperature of the exhaust gas
and the water. T3 is given by the average temperature between the water and ambient air,
which both happen to be 25°C.
𝑇2 =
𝑇3 =

1
(𝑇
+ 𝑇∞,𝐻2𝑂 )
2 ∞,𝐸𝑥ℎ

1
(𝑇
+ 𝑇∞,𝐴𝑚𝑏 ) = 25°𝐶
2 ∞,𝐻2𝑂

The heat transfer rate can be calculated using the first law of thermodynamics:
𝑄̇ − Ẇ = ṁ (ℎ2 − ℎ1 )
Assuming the heat exchanger is a rigid pipe, that means Ẇ = 0. That leaves:
𝑄̇ = ṁ (ℎ2 − ℎ1 )
The ṁ for the exhaust gas, the initial and final temperatures, and the pressure are
known for the exhaust gas. This value is the amount of needed heat transfer, which can be
substituted back into the equations above to calculate the required mass flow rate of
water. Summing up all the values for the exhaust gas, the following equation calculates
the needed heat transfer rate:
𝑄̇ = ∑ ṁ 𝑛 (ℎ2.𝑛 − ℎ1,𝑛 )
Where the subscript “n” corresponds to each exhaust gas. The following are the
exhaust gases: CH4, CO, CO2, H2, H2O, and N2.
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Sample Calculations:
Short Tube Length, Δ𝐿 (m)

1

Inlet Temperature of Exhaust, 𝑇∞,𝐸𝑥ℎ (K)

1163

Outlet Temperature of Exhaust, To,Exh (K)

673

Inlet Temperature of Water, 𝑇∞,𝐻2𝑂 (K)

298

Outlet Temperature of Water, To,H2O (K)

368

Ambient Temperature, T∞,Amb (K)

298

Tube Exterior Emissivity, 𝜖

0.95

Stefan-Boltzmann Constant, 𝜎 (W/m2-K4)

5.67 × 10−8

Innermost Tube Diameter, 𝐷1 (m)

0.00635

Second Tube Diameter, 𝐷2 (m)

0.009525

Third Tube Diameter, D3 (m)

0.015875

Outer Tube Diameter, D4 (m)

0.01905

Mass Flow Rate of exhaust gases, 𝑚̇𝐸𝑥ℎ (kg/s)

0.0007861

Mass Flow Rate of cooling water, 𝑚̇𝐻2𝑂 (kg/s)

0.5

Pressure of the exhaust gas, 𝑃𝐸𝑥ℎ (kPa)

413.685

Ambient Pressure, 𝑃𝐴𝑚𝑏 (kPa)

101

Mass of H2O, mH2O (g/mol)

18.016

Mass of CH4, mCH4 (g/mol)

16.403
129

Mass of CO, mCO (g/mol)

28.01

Mass of CO2, mCO2 (g/mol)

44.01

Mass of N2, mN2 (g/mol)

28.02

Mass of H2, mH2 (g/mol)

2.016

Gas constant of Air. RAir (kJ/kg*K)

0.2870

Short Tube Length, Δ𝐿 (m)

1

Calculating the required heat transfer to reduce the temperature of the exhaust
gases is a good place to start. That can be denoted by the equation:
𝑄̇ = ∑ ṁ 𝑛 (ℎ2.𝑛 − ℎ1,𝑛 )
which will look like:
𝑄̇ = ṁ 𝐻2𝑂 (ℎ2.𝐻2𝑂 − ℎ1,𝐻2𝑂 ) + ṁ 𝐶𝑂 (ℎ2.𝐶𝑂 − ℎ1,𝐶𝑂 ) + ṁ 𝐶𝑂2 (ℎ2.𝐶𝑂2 − ℎ1,𝐶𝑂2 ) +
ṁ 𝐶𝐻4 (ℎ2.𝐶𝐻4 − ℎ1,𝐶𝐻4 ) + ṁ 𝐻2 (ℎ2.𝐻2 − ℎ1,𝐻2 )+ ṁ 𝑁2 (ℎ2.𝑁2 − ℎ1,𝑁2 )
Where the mass flow rate for each exhaust gas can be determined by the
following equation:
ṁ𝑛 =

𝑚𝑛
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡
𝑚𝐸𝑥ℎ

This calculates the percentage of mass for each gas, and multiplies that by the
overall mass flow rate of the exhaust. The total mass of the exhaust is:
𝑚𝐸𝑥ℎ = 𝑚𝐻2𝑂 + 𝑚𝐶𝑂 + 𝑚𝐶𝑂2 + 𝑚𝐶𝐻4 + 𝑚𝐻2 + 𝑚𝑁2
= 18.016 + 28.01 + 44.01 + 16.043 + 2.016 + 28.02
= 136.115 𝑔 ∗

1𝑘𝑔
= 0.1361 𝑘𝑔
1000𝑔

ṁ𝐻2𝑂,𝑖 =

𝑚𝐻2𝑂
18.016 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.00010408
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠

ṁ𝐶𝑂,𝑖 =

𝑚𝐶𝑂
28.01 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.00016177
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠
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ṁ𝐶𝑂2,𝑖 =

𝑚𝐶𝑂2
44.01 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.00025417
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠

ṁ𝐶𝐻4,𝑖 =

𝑚𝐶𝐻4
16.043 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.000092653
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠

ṁ𝐻2,𝑖 =

𝑚𝐻2
2.016 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.000011643
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠

ṁ𝑁2,𝑖 =

𝑚𝑁2
28.02 𝑔
𝑘𝑔
𝑘𝑔
∗ ṁ𝑒𝑥ℎ𝑎𝑢𝑠𝑡 =
∗ 0.0007861
= 0.00016182
𝑚𝑡𝑜𝑡𝑎𝑙
136.115 𝑔
𝑠
𝑠

The enthalpy values for each of the exhaust gases at the inlet temperature of 1163
K and outlet temperature of 673K, both at 431.685 kpa, are:
ℎ2,𝐻2𝑂 = 4372
ℎ2,𝐶𝑂 = 1195

𝑘𝐽
𝑘𝐽
ℎ1,𝐻2𝑂 = 3927
𝑘𝑔
𝑘𝑔

𝑘𝐽
𝑘𝐽
ℎ1,𝐶𝑂 = 994.6
𝑘𝑔
𝑘𝑔

ℎ2,𝐶𝑂2 = 963.6

𝑘𝐽
𝑘𝐽
ℎ1,𝐶𝑂2 = 725.7
𝑘𝑔
𝑘𝑔

ℎ2,𝐶𝐻4 = 3171

𝑘𝐽
𝑘𝐽
ℎ1,𝐶𝐻4 = 2276
𝑘𝑔
𝑘𝑔

ℎ2,𝐻2 = 16667

𝑘𝐽
𝑘𝐽
ℎ1,𝐻1 = 13795
𝑘𝑔
𝑘𝑔

ℎ2,𝑁2 = 1269

𝑘𝐽
𝑘𝐽
ℎ1,𝑁2 = 1045
𝑘𝑔
𝑘𝑔

With these values, we can now calculate the required heat transfer:
𝑄̇ = ṁ 𝐻2𝑂 (ℎ2.𝐻2𝑂 − ℎ1,𝐻2𝑂 ) + ṁ 𝐶𝑂 (ℎ2.𝐶𝑂 − ℎ1,𝐶𝑂 ) + ṁ 𝐶𝑂2 (ℎ2.𝐶𝑂2 − ℎ1,𝐶𝑂2 ) +
ṁ 𝐶𝐻4 (ℎ2.𝐶𝐻4 − ℎ1,𝐶𝐻4 ) + ṁ 𝐻2 (ℎ2.𝐻2 − ℎ1,𝐻2 )+ ṁ 𝑁2 (ℎ2.𝑁2 − ℎ1,𝑁2 )
which leads to:

𝑄̇𝐻2𝑂 = 0.00010408

𝑘𝑔
(ℎ2.𝐻2𝑂 − ℎ1,𝐻2𝑂 ) = 0.04632 𝑘𝑊
𝑠
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𝑄̇𝐶𝑂 = 0.00016177
𝑄̇𝐶𝑂2 = 0.00025417

𝑘𝑔
(ℎ2.𝐶𝑂 − ℎ1,𝐶𝑂 ) = 0.0324 𝑘𝑊
𝑠

𝑘𝑔
(ℎ2.𝐶𝑂2 − ℎ1,𝐶𝑂2 ) = 0.06045 𝑘𝑊
𝑠

𝑄̇𝐶𝐻4 = 0.000092653

𝑘𝑔
(ℎ2.𝐶𝐻4 − ℎ1,𝐶𝐻4 ) = 0.08287 𝑘𝑊
𝑠

𝑄̇𝐻2 = 0.000011643
𝑄̇𝑁2 = 0.00016182

𝑘𝑔
(ℎ2.𝐻2 − ℎ1,𝐻2 ) = 0.03344 𝑘𝑊
𝑠

𝑘𝑔
(ℎ2.𝑁2 − ℎ1,𝑁2 ) = 0.03634 𝑘𝑊
𝑠

𝑘𝐽
𝑄̇ = 𝑄̇𝐻2𝑂 + 𝑄̇𝐶𝑂 + 𝑄̇𝐶𝑂2 + 𝑄̇𝐶𝐻4 + 𝑄̇𝐻2 + 𝑄̇𝑁2 = 0.2918 ( ) 𝑜𝑟 (𝑘𝑊)
𝑠
This provides an idea of the heat transfer rate required to reduce the temperature
of the exhaust gas below 700°C. With regards to the resistor model, the exhaust gas will
be examined first. The properties of each exhaust gas are determined off at T∞,Exh (1163
K) and PExh (413.685 kpa).

𝐶𝑝,𝐸𝑥ℎ =

𝐶𝑝,𝐻2𝑂 = 2.091

𝑘𝐽
𝑘𝑔 ∗ 𝐾

𝐶𝑝,𝐶𝑂2 = 1.116

𝐶𝑝,𝐴𝑖𝑟 = 1.069

𝑘𝐽
𝑘𝑔 ∗ 𝐾

𝐶𝑝,𝑁2 = 1.092

𝑘𝐽
𝑘𝑔 ∗ 𝐾

𝑘𝐽
𝑘𝑔 ∗ 𝐾

𝐶𝑝,𝐻2𝑂 + 𝐶𝑝,𝐶𝑂2 + 𝐶𝑝,𝐴𝑖𝑟 + 𝐶𝑝,𝑁2
4
𝑘𝐽
𝑘𝐽
𝑘𝐽
𝑘𝐽
2.091
+ 1.116
+ 1.069
+ 1.092
𝑘𝑔 ∗ 𝐾
𝑘𝑔 ∗ 𝐾
𝑘𝑔 ∗ 𝐾
𝑘𝑔 ∗ 𝐾
=
4
𝐶𝑝,𝐸𝑥ℎ = 1.342

𝑘𝐽
𝑘𝑔 ∗ 𝐾

𝜇𝐻2𝑂 = 0.00002444

𝑘𝑔
𝑚∗𝑠

𝜇𝐶𝑂2 = 0.000003073

𝜇𝐴𝑖𝑟 = 0.00003331

𝑘𝑔
𝑚∗𝑠

𝜇𝑁2 = 0.00003199
132

𝑘𝑔
𝑚∗𝑠

𝑘𝑔
𝑚∗𝑠

𝜇𝐸𝑥ℎ =

𝜇𝐻2𝑂 + 𝜇𝐶𝑂2 + 𝜇𝐴𝑖𝑟 + 𝜇𝑁2
4
=

(0.00002444 + 0.00003073 + 0.00003331 + 0.00003199)
4
𝜇𝐸𝑥ℎ = 0.00003012

𝑘𝐸𝑥ℎ =

𝑘𝑔
𝑚∗𝑠

𝑘𝐻2𝑂 = 0.05501

𝑊
𝑚∗𝐾

𝑘𝐶𝑂2 = 0.04732

𝑘𝐴𝑖𝑟 = 0.05029

𝑊
𝑚∗𝐾

𝑘𝑁2 = 0.04891

𝑊
𝑚∗𝐾

𝑊
𝑚∗𝐾

𝑘𝐻2𝑂 + 𝑘𝐶𝑂2 + 𝑘𝐴𝑖𝑟 + 𝑘𝑁2
4
=

(0.05501 + 0.04732 + 0.05029 + 0.04891)

𝑊
𝑚∗𝐾

4
𝑘𝐸𝑥ℎ = 0.05038

𝑊
𝑚∗𝐾

With these properties, the Prandtl Number can be calculated:

Pr𝐸𝑥ℎ

𝑘𝑔
𝑘𝐽
1000 𝐽
𝜇𝐸𝑥ℎ 𝑐𝑝,𝐸𝑥ℎ (0.00003012 𝑚 ∗ 𝑠) (1.342 𝑘𝑔 ∗ 𝐾 ∗ 1 𝑘𝐽 )
=
=
𝑊
𝑘𝐸𝑥ℎ
(0.05038 𝑚 ∗ 𝐾 )
𝑃𝑟𝐸𝑥ℎ = 0.8023

Then, the Reynolds Number can be calculated:
𝑅𝑒𝐸𝑥ℎ =

𝑉𝐷 𝜌𝑉𝐷 𝑚̇𝐷
𝑚̇𝐷
4𝑚̇𝐸𝑥ℎ
=
=
=
=
𝜋
𝜈
𝜇
𝜇𝐴
𝜇 ( 4 𝐷2 ) 𝜋𝜇𝐸𝑥ℎ 𝐷1
𝑘𝑔
4 ∗ 0.0007861 𝑠
=
𝑘𝑔
𝜋 ∗ (0.00003012 𝑚 ∗ 𝑠) ∗ (0.0254 𝑚)
𝑅𝑒𝐸𝑥ℎ = 982.6
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𝑘𝑔
𝑚∗𝑠

Because the Reynolds Number is less than 3000, that means the flow type is
laminar:

Nu𝐸𝑥ℎ

ℎ𝐸𝑥ℎ 𝐷1
=
= 3.66 +
𝑘𝐸𝑥ℎ

𝐷
0.065 (𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ
2/3
𝐷
1 + 0.04 [(𝛥𝐿1 ) 𝑅𝑒𝐸𝑥ℎ 𝑃𝑟𝐸𝑥ℎ ]

0.0254 𝑚
0.065 ( 1 𝑚 ) 982.6 ∗ 0.8023
=
2/3
0.0254 𝑚
1 + 0.04 [( 1 𝑚 ) 982.6 ∗ 0.8023]
𝑁𝑢𝐸𝑥ℎ = 4.657
The convection heat transfer coefficient can then be calculated by:

ℎ𝐸𝑥ℎ

𝑊
𝑁𝑢𝐸𝑥ℎ 𝑘𝐸𝑥ℎ 4.657 ∗ (0.05038 𝑚 ∗ 𝐾 )
=
=
𝐷1
0.0254 𝑚
ℎ𝐸𝑥ℎ = 13.42

𝑊
𝑚2 ∗ 𝐾

Next, the water will be examined:
The film temperature, the temperature at which the properties of water will be
calculated, can be determined by the following equations:
𝑇2 =

1
1
(𝑇∞,𝐸𝑥ℎ + 𝑇∞,𝐻2𝑂 ) = (1163 + 298) = 730.5 𝐾
2
2
𝑇3 =

1
(𝑇 + 𝑇∞,𝐴𝑚𝑏 ) = 514.3 𝐾
2 2

1
1
𝑇𝑓 = (𝑇2 + 𝑇3 ) = (730.5 + 514.3) = 622.4 𝐾
2
2
Therefore, the properties of water will be determined at 622.4 K and PAmb (101.3
kpa).
𝐶𝑝,𝐻2𝑂 = 2.040

𝑘𝐽
𝑘𝑔 ∗ 𝐾

= 0.04888

𝜇𝐻2𝑂 = 0.00006326
𝑊
𝑚∗𝐾
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𝑘𝑔
𝑚∗𝑠

𝑘𝐻2𝑂

With these properties, the Prandtl Number can be calculated:

Pr𝐻2𝑂

𝑘𝑔
𝑘𝐽
1000 𝐽
𝜇𝐻2𝑂 𝑐𝑝,𝐻2𝑂 (0.00006326 𝑚 ∗ 𝑠) (2.040 𝑘𝑔 ∗ 𝐾 ∗ 𝑘𝐽 )
=
=
𝑊
𝑘𝐻2𝑂
0.04888 𝑚 ∗ 𝐾
𝑃𝑟𝐻2𝑂 = 2.64

The Reynolds numbers can be determined using the assumed the mass flow rate
of the cold water:
𝑅𝑒𝐻2𝑂 =

𝑉𝐷 𝜌𝑉𝐷 𝑚̇𝐷
𝑚̇𝐷
4𝑚̇𝐻2𝑂
=
=
=
=
𝜋
𝜈
𝜇
𝜇𝐴
𝜋𝜇𝐷3
𝜇 (4 𝐷2 )
𝑘𝑔
4 ∗ (0.5 𝑠 )
=
𝑘𝑔
𝜋 ∗ (0.00006326 𝑚 ∗ 𝑠) ∗ (0.0635 𝑚)
𝑅𝑒𝐻2𝑂 = 158483

Because the Reynolds Number > 3000, the flow is turbulent. The friction factor is
determined from:
𝑓𝐻2𝑂 = [0.790 ln(𝑅𝑒𝐻2𝑂 ) − 1.64]−2 = [0.790ln(158483) − 1.64]−2
𝑓𝐻2𝑂 = 0.01636
The Nusselt Number is calculated by:
𝑁𝑢𝐻2𝑂 =

ℎ𝐻2𝑂 𝐷3 (𝑓𝐻2𝑂 /8)(𝑅𝑒𝐻2𝑂 − 1000) Pr𝐻2𝑂
=
𝑘𝐻2𝑂
1 + 12.7(𝑓𝐻2𝑂 /8)0.5 (Pr2/3
𝐻2𝑂 − 1)
0.01636
(158483 − 1000) ∗ 2.64
8
=
0.01636 0.5
1 + 12.7 ( 8 ) (2.642/3 − 1)
𝑁𝑢𝐻2𝑂 = 558.3

It is possible to solve for the heat transfer coefficient for the forced convection of
the cooling water:
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ℎ𝐻2𝑂

𝑊
𝑁𝑢𝐻2𝑂 𝑘𝐻2𝑂 558.3 ∗ (0.04888 𝑚 ∗ 𝐾 )
𝑊
=
=
= 0.6338 2
𝐷3
0.0635 𝑚
𝑚 ∗𝐾

The radiation heat transfer coefficient is determined as follows:
2
ℎ𝑟𝑎𝑑,𝐻2𝑂 = 𝜖𝜎(𝑇22 + 𝑇∞,𝐻2𝑂
)(𝑇2 + 𝑇∞,𝐻2𝑂 )

= 0.95 ∗ 5.67 ∗ 10−8

𝑊
((730.5 𝐾)2 + (298 𝐾)2 )(730.5 𝐾
𝑚2 𝐾 4

+ 298 𝐾)
ℎ𝑟𝑎𝑑,𝐻2𝑂 = 34.483

𝑊
𝑚2 𝐾

For the ambient air, the temperature of the outer surface can be determined by the
following equations:
1
1
𝑇4 = (𝑇0,𝐻2𝑂 + 𝑇∞𝐴𝑚𝑏 ) = (368 𝐾 + 298 𝐾) = 333 𝐾
2
2
The radiation heat transfer coefficient can be determined by:
2
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 𝜖𝜎(𝑇42 + 𝑇∞,𝑜
)(𝑇4 + 𝑇∞,𝑜 )

= 0.95 ∗ 5.67 ∗ 10−8

𝑊
((333 𝐾)2 + (298 𝐾)2 )(333 𝐾 + 298 𝐾)
𝑚2 𝐾 4

ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 = 6.787

𝑊
∗𝐾

𝑚2

The film temperature of the air can be determined by:
𝑇𝑓 =

1
1
(𝑇∞,𝐴𝑚𝑏 + 𝑇4 ) = (298 𝐾 + 333 𝐾)
2
2
𝑇𝑓 = 315.5 𝐾

With this temperature, it is possible to calculate the properties of air, assuming
PAir=PAmb.
𝜇𝐴𝑖𝑟 = 0.00001929

𝑘𝑔
𝑚∗𝑠

𝑘𝐴𝑖𝑟 = 0.02754
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𝑊
𝑚∗𝐾

𝐶𝑝,𝐴𝑖𝑟 = 1.007

𝑘𝐽
𝑘𝑔 ∗ 𝐾

Now, it is possible to calculate the volume expansion coefficient, the density of
air, the kinematic viscosity, and thermal diffusivity:
𝛽𝐴𝑖𝑟 =

𝜌𝐴𝑖𝑟 =

𝑇𝑓,𝐴𝑖𝑟

=

1
1
= 0.00317
315.5 𝐾
𝐾

𝑃𝐴𝑚𝑏
101.3 𝑘𝑝𝑎
𝑘𝑔
=
= 0.008305 3
𝑅𝐴𝑖𝑟 𝑇𝑓,𝐴𝑖𝑟 (0.287 𝑘𝐽 ) (315.5 𝐾)
𝑚
𝑘𝑔 ∗ 𝐾

𝜈𝐴𝑖𝑟

𝛼𝐴𝑖𝑟

1

𝑘𝑔
𝜇𝐴𝑖𝑟 0.00001929 𝑚 ∗ 𝑠
𝑚2
=
=
= 0.002322
𝑘𝑔
𝜌𝐴𝑖𝑟
𝑠
0.008305 3
𝑚

𝑘𝐴𝑖𝑟
=
=
𝜌𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟

𝑊
0.02754 𝑚 ∗ 𝐾

𝑚2
= 0.003293
𝑚2
𝑘𝐽
1000 𝐽
𝑠
(0.008305 ) (1.007
)
∗
𝑠
𝑘𝑔 ∗ 𝐾
𝑘𝐽

With these values, it is possible to calculate the Rayleigh number, based on the
outer diameter of the horizontal tube:
Ra𝐴𝑖𝑟 =

𝑔𝛽𝐴𝑖𝑟 (𝑇4 − 𝑇∞,𝐴𝑚𝑏 )𝐷43
𝜈𝐴𝑖𝑟 𝛼𝐴𝑖𝑟
(9.81
=

𝑚
1
) ∗ (0.00317 𝐾 ) ∗ (333 𝐾 − 298 𝐾) ∗ (0.01905 𝑚)3
𝑠2
𝑚2
𝑚2
(0.002322 ) (0.003293 )
𝑠
𝑠
Ra𝐴𝑖𝑟 = 0.9839

The Prandtl number for Air is given by:

Pr𝐴𝑖𝑟

𝑘𝑔
𝑘𝐽
1000 𝐽
𝜇𝐴𝑖𝑟 𝑐𝑝,𝐴𝑖𝑟 (0.00001929 𝑚 ∗ 𝑠) (1.007 𝑘𝑔 ∗ 𝐾 ∗ 𝑘𝐽 )
=
=
𝑊
𝑘𝐴𝑖𝑟
0.02754 𝑚 ∗ 𝐾
Pr𝐴𝑖𝑟 = 0.7052

With the Rayleigh number and the Prandtl number, the Nusselt can be calculated:
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1/6

Nu𝐴𝑖𝑟

ℎ𝐴𝑖𝑟 𝐷4
0.387Ra𝐴𝑖𝑟
=
= {0.6 +
}
[1 + (0.559/Pr𝐴𝑖𝑟 )9/16 ]8/27
𝑘𝐴𝑖𝑟

2

2
1

= 0.6 +
{

0.387 ∗ (0.9839)6
8
9 27
16

0.559
[1 + (
) ]
0.7052
}
Nu𝐴𝑖𝑟 = 0.8468

The heat transfer coefficient for the natural convection of the air is given by:

h𝐴𝑖𝑟

𝑊
Nu𝐴𝑖𝑟 𝑘𝐴𝑖𝑟 (0.8468) ∗ (0.02754 𝑚 ∗ 𝐾 )
=
=
𝐷4
0.0762 𝑚
h𝐴𝑖𝑟 = 0.6338

𝑊
𝐾

Next, the thermal resistor values of R1, R2, R4, R5, R6, and R7.
𝑅1 =

1
1
1
=
=
ℎ𝐸𝑥ℎ 𝐴𝐸𝑥ℎ 𝜋𝐷1 Δ𝐿ℎ𝐸𝑥ℎ 𝜋 ∗ (0.0264 𝑚) ∗ (1 𝑚) ∗ (13.42 𝑊 )
𝐾
𝑅1 = 0.9339

𝐾
𝑊

For R2, kss is evaluated at T1 where T1 is evaluated to be:
𝑇1 =

1
1
(𝑇∞,𝐸𝑥ℎ + 𝑇2 ) = (1163 𝐾 + 730.5 𝐾) = 946.75 𝐾
2
2

At 946.75 K, the thermal conductivity of stainless-steel is given at kss = 23.42
W/(m*K)
0.03175 𝑚
ln (
)
ln(𝐷2 /𝐷1 )
0.0254 𝑚
𝑅2 =
=
𝑊
2𝜋Δ𝐿𝑘𝑠𝑠
2 ∗ 𝜋 ∗ (1 𝑚) ∗ (23.42 𝑚 ∗ 𝐾 )
𝑅2 = 0.001516
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𝐾
𝑊

𝑅3 =

1
1
=
ℎ𝐻2𝑂 (𝐴3 − 𝐴2 )
𝜋(𝐷3 − 𝐷2 )Δ𝐿ℎ𝐻2𝑂
1

=

𝜋 ∗ (0.0635 𝑚 − 0.03175 𝑚) ∗ (1 𝑚) ∗ (429.8
𝑅3 = 0.02333
𝑅4 =

𝑊
)
𝑚2 ∗ 𝐾

𝐾
𝑊

1
1
=
ℎ𝑟𝑎𝑑,𝐻2𝑂 (𝐴3 − 𝐴2 ) 𝜋(𝐷3 − 𝐷2 )Δ𝐿ℎ𝑟𝑎𝑑,𝐻2𝑂
1

=

𝜋 ∗ (0.0635 𝑚 − 0.03175 𝑚) ∗ (1 𝑚) ∗ (34.483
𝑅4 = 0.2907

𝑊
)
∗𝐾

𝑚2

𝐾
𝑊

For R5, the thermal conductivity of stainless-steel is evaluated at T3, 514.3 K. For
this temperature, kss= 13.41 W/(m*K)
0.0762 m
ln (
)
ln(𝐷4 /𝐷3 )
0.0635 m
𝑅5 =
=
𝑊
2𝜋Δ𝐿𝑘𝑠𝑠
2 ∗ 𝜋 ∗ (1 𝑚) ∗ (13.41 𝑚 ∗ 𝐾 )
𝑅5 = 0.002164
𝑅6 =

1
ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝐴𝑜

=

1
1
=
𝜋𝐷4 Δ𝐿ℎ𝑟𝑎𝑑,𝐴𝑚𝑏 𝜋 ∗ (0.0762 𝑚) ∗ (1 𝑚) ∗ (6.787 𝑊 )
𝑚2 𝐾
𝑅6 = 0.6155

𝑅7 =

𝐾
𝑊

𝐾
𝑊

1
1
1
=
=
ℎ𝐴𝑖𝑟 𝐴𝑂 𝜋𝐷4 Δ𝐿ℎ𝐴𝑖𝑟 𝜋 ∗ ( 0.0762 𝑚) ∗ (1 𝑚) ∗ (0.6338
𝑅7 = 6.591
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𝐾
𝑊

𝑊
)
𝑚2 ∗ 𝐾

Now, it is possible to solve for R3, the natural convection of the water by
rearranging the equation:
𝑅3 𝑅4
𝑅6 𝑅7
+ 𝑅5 +
𝑅3 + 𝑅4
𝑅6 + 𝑅7

𝑅𝑡 = 𝑅1 + 𝑅2 +

𝐾
𝐾
𝐾
𝐾 0.02333 𝑊 ∗ 0.2907 𝑊
𝐾
= 0.9339 + 0.001516 +
+ 0.002164
𝑊
𝑊 0.02333 𝐾 + 0.2907 𝐾
𝑊
𝑊
𝑊
𝐾
𝐾
0.6155 𝑊 ∗ 6.591 𝑊
+
𝐾
𝐾
0.6155 𝑊 + 6.591 𝑊
𝑅𝑡 = 1.522

𝐾
𝑊

This calculates the heat transfer rate of the exhaust to the outside ambient air:
𝑄̇ =

𝑇∞,𝐸𝑥ℎ − 𝑇∞,𝐴𝑚𝑏 1163 𝐾 − 298 𝐾
=
= 568.3 𝑊
𝐾
𝑅𝑡
1.522 𝑊

The surface temperatures need to be calculated by iterating these values until they
converge:
𝐾 ̇
𝑇1 = 𝑇∞,𝐸𝑥ℎ + 𝑅1 𝑄 = 1163 𝐾 + (1.143 ∗ (−568.3 𝑊)) = 442.3 𝐾
𝑊
𝑇2 = 𝑇1 + 𝑅2 𝑄̇ = 442.3 𝐾 + (0.001516

𝐾
∗ (−568.3 𝑊)) = 441.4 𝐾
𝑊

𝐾
𝐾
0.02333 𝑊 + 0.2907 𝑊
𝑄(𝑅3 ̇ + 𝑅4 )
𝑇3 = 𝑇2 +
= 441.4 𝐾 + (
∗ (−568.3 𝑊))
𝐾
𝐾
𝑅3 𝑅4
(0.02333 𝑊 ) (0.2907 𝑊 )
= 429.1 𝐾
𝑇4 = 𝑇3 + 𝑅5 𝑄̇ = 429.1 𝐾 + (0.002164

𝐾
∗ (−568.3 𝑊)) = 427.9 𝐾
𝑊

The table below shows the surface temperatures converging as the iteration
counter increases.
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Iteration Count

T1 (K)

T2 (K)

T3 (K)

T4 (K)

1

442.3

441.4

429.1

427.9

2

363.5

362.0

347.0

345.6

3

439.4

438.0

431.9

430.7

5

432.0

430.6

424.3

423.1

30

403.6

402.2

388.3

387.0

After performing thirty iterations, the temperatures converged to the values in the
above table. The calculated heat transfer rate using the surface temperatures of the 30th
iteration is 609.7 W. This means that for the assumed mass flow rate, the heat transfer
rate is still substantial. It is greater than the estimation provided from the first law
equation. Based off the heat transfer rate, this information can be used to determine the
temperature at the end of this heat exchanger. With this value, and using the same exact
setup, the heat transfer rate of a second heat exchanger can be determined. Using two
heat exchangers will reduce the likelihood of auto ignition of the exhaust gas, and it
yields a realistic heat exchanger.
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